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The advancement of 3D printing has allowed everyday individuals to rapid prototype and 
manufacture in a more efficient, cost-effective, and timely manner. This has paved the way for a 
more adaptable educational model, by allowing instructors to easily access alternative 
instruments for teaching. By providing students with tangible tools, they will better be able to 
grasp complex principles. Dynamics professors need a way in which they can easily access these 
academic tools, transport them to and from class, and teach multiple dynamics principles through 
variations of a single 3D printed kit. Interviews with professors and students were conducted to 
gain a more wholistic understanding of our target demographic needs. Research regarding 
product competition and relevant patent intellectual property was also organized to make sure 
that what we plan to develop does not infringe on any previously conceived ideas. Using this 
information, along with our own ideation, we have created six activities as well as testing to 
measure those activities. The activities we are working with include the following: Mass-
Moment of Inertia (Rollers), Friction (Spool), Rigid Body Kinematics, Coriolis Effect, Angular 
Impact-Momentum, and Relative Motion (Mass-Pulley). This Final Design Review (FDR) 
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The purpose of the “Hands-on 3D Printed Dynamics Activities” senior project is to supplement 
professors teaching dynamics with alternative ways to convey non-intuitive concepts. Through 
easily accessible 3D printed hands-on activities, we plan on combining inexpensive, 
straightforward, and tangible manipulatives with a learning exercise to further enhance student 
engagement and understanding of course principles when testing the activity. This project is 
sponsored by Mechanical Engineering professor, Dr. Brian Self, and is comprised of a team of 
four engineering students - Junnior Rodriguez, Dakota Baker, Jacob Lindberg and Andrew 
Meyenberg at California Polytechnic State University in San Luis Obispo (Cal Poly). This report 
contains the following sections pertaining to this project: Background – presents results found 
during design research, Objectives – establishing goals and defining the project scope, Concept 
Design – collaboration of brainstorming techniques to arrive at our final concepts for each 
activity, Final Design – documenting how each activity has improved since the Critical Design 
Review (CDR) in February 2021 to the present, Project Management – explaining the process, 





To understand the project and its goals, initial design research was conducted and focused on 
three main sections: customer needs, product research, and technical research. Our customer 
research consisted of meeting with our sponsor, other professors, and students to clarify and 
specify the needs and wants of the project. Product research comprised of finding similar 
activities performed in other universities, while technical research incorporated relevant patents 
and technical literature with applicable standards and regulations. 
 
2.1 Customer Research 
 
Meetings with our sponsor, Dr. Self, have been scheduled as needed to better understand the 
scope of this project. By interviewing our sponsor, we gained insight to the project’s 
requirements and a list of his wants and needs. He emphasized the difficulty that current Cal 
Poly students have in dynamics courses and wants to combat this by promoting conceptual 
growth through hands-on manipulatives in a guided inquiry approach. He told us the concepts 
that students would most benefit from hands-on manipulatives such as: rigid body kinematics, 
rigid body angular impulse and momentum, velocities and accelerations in normal-tangential and 
radial-transverse coordinates, and particle work and energy. Along with these activities, he 
wanted us to implement guided worksheets to walk students through performing each activity. If 
necessary, he would also like to have simulations to follow these activities to further help 
visualize principles and minimize confusion. 
  
Additional interviews were conducted with other Cal Poly dynamics professors along with 
fellow Cal Poly students who have already taken the dynamics courses. Here’s a summary of the 
feedback that we received from the professors: 
 
 




• Professor Keller would like to see a lady bug on a merry go-round activity which would 
help in visualizing constant velocity on a spinning platform (Figure 1a) 
• Professor Birdsong would like to see a 4-bar linkage for kinematics (Figure 1b) 
• Professor Rossman would want to have an adjustable belt and pulley system and an 
activity with impacts as shown in Figures 1c and 1d, respectively. She also believes that 
having conceptual quizzes assists in redundancy and thus helps students become familiar 
with the concepts  
 
  
             (a)                                      (b)                                (c)                                (d) 
Figure 1. Cal Poly dynamics professors’ activities recommendations: (a) Ladybug on a 
merry-go-round, (b) 4-bar linkage, (c) Mass-pulley, and (d) impact activities.   
 
Meanwhile, previous students would like to see videos that go along with the activities, which 
explain how to conduct the exercise and include a demonstration about the testing of the activity. 
Also, some benefits of a recorded video include being able to re-watch and pause the video so that 
they can learn at their own pace and allows them to go back in case they didn’t understand an 
instruction or missed a key takeaway. Additionally, some students are intimidated, and fear asking 
a professor to repeat and explain themselves which adds more stress, so a recorded video can be 
more comforting to some students. Ultimately, both professors and students agree that a fill-in-
the-blank worksheet for activities is valuable and compliments an activity effectively.  
 
2.2 Product Research 
 
Currently in the Cal Poly Dynamics class ME212, there are two hands-on activities that are 
implemented during the quarter which are the Spools, Figure 2a, and rolling cylinders, Figure 2b. 
Both activities use the Predict-Observe-Explain (POE) cycles that are designed to help students 
understand dynamics principles. To improve the current activities, 3D models can be developed 
so students may have access to them whenever they please for their own benefit. Another activity 
that is currently used in ME212 is the mass-pulley activity, see Figure 3, which is also a POE 
activity but exists as a PowerPoint presentation which guides students through the process [1]. 
However, many students disliked the lengthy slides and the lack of instruction and preferred a 
guided worksheet or would rather have the instructor lead a demonstration. Thus, we are 
investigating into making a hands-on manipulative for this activity. 
 





                     (a)                                                 (b) 
Figure 2. Current Cal Poly hands-on activities for dynamics: (a) 





Figure 3. Mass-pulley activity with supplemental PowerPoint 
instruction guide. 
 
Last school year (2019-2020), a Cal Poly senior project team attempted to create a STEM toolkit 
to enhance student learning. Unfortunately, they were not able to finish due to COVID-19, but 
their project report offered valuable guidance to ours. They investigated equal length weights 
hanging on a horizontal bar that was connected orthogonal to a shaft, as seen in Figure 4. Students 
then had to explain why the weights moved outward and find the angular speed. 
 
Another activity that was proposed was a sphere landing on a spring which demonstrated 
impacts. Their idea was to analyze elastic or inelastic collisions depending on their setup. With 
the use of a spring and a timer, the students could use Hooke’s Law to quantify impact forces as 
seen in Figure 5.  
 
 











Figure 5. Impact apparatus to measure deflection [3]. 
 
2.3 Technical Research 
 
While exploring existing activities for hands-on learning, a series of relevant patents were found 
in this area. An additive tool kit was used for kinematics instruction [4] and a dynamic model 
was implemented for understanding relative motion [5]. Another approach was to use toy 
building blocks for creating systems in which dynamics principles can be applied [6] or making 
3D prints of the models [7]. Lastly, an education robot constructional device was used for 
obtaining real time kinematic data [8].  
 
Similarly, relevant technical literature was also investigated where different hands-on activities 
were used in other projects. The University of Washington used magnets for elastic collision for 
momentum [9], the New York University Tandon School of Engineering used smartphones as 
cheap motion/force sensors using an app (3D printed phone holder on experiment) [10], James 
Lincoln (physics teacher) used smartphones’ burst mode to measure position over time [11], Eric 
 




Hazllet, physics teacher used 3D printed moment of inertia experiments with some analysis [12], 





3.1 Problem Statement 
 
To guide our ideation process, we developed the following problem statement:  
 
“Professors teaching dynamics need a way to convey non-intuitive dynamics concepts through 
easily accessible, 3D printed hands-on activities. Combining inexpensive, straightforward, and 
tangible manipulatives with a learning exercise can improve student engagement and 
understanding of course principles when testing the activity.” 
 




Figure 6. Boundary Diagram used to define scope of project. 
 
Figure 6 is a sketch of our project scope in a boundary diagram.  It represents a dynamics 
classroom with a professor teaching a difficult concept.  Our scope for this project is the 3D 
printed activities and any content we can provide to help the lesson.  
 
3.3 Needs and Wants Table 
Below, Table 1 shows the needs and wants that go along with our project for any given activity. 
This list is based off ideas we gathered after talking with Dr. Self and through various interviews 
of other professors that teach dynamics at Cal Poly. The needs contain all the vital requirements 
 




that our project must address, while the wants contain goals that we will try to accomplish. Many 
of the wants include aspects that will require significant attention further down the road such as 
supplemental videos and simulations. 
 
Table 1. Needs and wants table of the project. 
 
Needs Wants 
Accessible 3D printable files &/or simulations for 
professors and students 
Results are easy to observe and do not require 
precise timing or measuring 
Portable so a teacher can carry 9-10 to class 
Uses appropriate teaching method to convey the 
concept 
Withstand multiple activity sessions without 
breaking 
Activity is intuitive and easy to perform 
Include different scenarios 
A guided part followed by questions about 
different scenario 
Appropriate and safe for classroom environment Minimize cost of activities 
Can be assembled by professor or students Easily assembled without tools 
Human powered Minimize number of parts per activity 
Produce repeatable and consistent results Supplemental videos, simulations, handouts, etc. 
Clearly demonstrate a dynamics principle Shippable kits 
 
 3.4 Quality Function Deployment (QFD)  
 
The Quality Function Deployment process is a method to determine engineering specifications 
for a project. This process uses a House of Quality chart to organize the problem into sections of 
who, what, how, now and how much. Our House of Quality can be found in Appendix A. Our 
section of “who” consists of the professors, students, and people printing our activities; the 
“what” section describes our customer needs; the “now” describes the current products that exist; 
and the “how” section is where we filled the technical requirements that we can test. In the 
middle of the House of Quality is the “how’s vs. what's" section, which connects the customer 
needs to the technical requirements. Finally, the “how much” section is where we decided the 
numerical values for the technical specification. Our engineering specifications can be seen 
below in Table 2.  
 
Engineering Specification Table terms can be found below:  
• (H) high, (M) medium, and (L) low, describes the difficulty of accomplishing that 
requirement  
• (A) Analysis will be applied to ensure specification is met  
• (T) Testing will be used to check specified requirements   




















Tolerance Risk Compliance 
1 Cost $20.00 MAX L A 
2 Weight 3 lbs MAX M T,A,I 
3 Manufacturability 30 hours MAX H T,A,I 




N/A M A 
6 Portability 9-10 units MIN H T,I 
7 Versatility 2 Scenarios MIN M A,I 




MAX L A 






MIN M A 
12 Interest Level 
Of Surveyed, 
90% satisfied 
MIN M A 
 
A description of how each specification will be measured is listed below:   
1. Cost  
• To estimate the cost of each activity, we will simply take weight of the build and 
multiple by the price per weight of the plastic being used. 
2. Weight  
• The weight of the activities will be simply weighed using a scale as precision is 
not important. 
3. Manufacturability  
• The main way we will analyze the manufacturability is by the duration of our 
prints. This varies from printer to printer so we will Cal Poly’s Innovation 
Sandbox and Mustang ‘60 as baselines.  
4. Durability  
• To test the durability of our activities, we will perform drop tests from four feet.  
Each activity should be able to withstand multiple impacts without failure. 
• This will help us further refine our design by allowing us to reinforce weak 
points. 
5. Simplicity  
• A short survey will be given to students following the use of our activities in a test 
group or a classroom environment. 
6. Portability  
• In order to test portability, we will carry sets of activities to ensure they can be 









•  The versatility of a model is its ability to be used for multiple activities or 
multiple scenarios. 
8. Modularity 
• This will be tested by explaining how to assemble the activities to a test group and 
timing how long it takes them to set-up.  
9. Toxicity  
• Toxicity accounts for the toxic levels of a person if a part is ingested. 
• This will guide us in determining which filaments are safe to use for our prints.  
10. Fatigue  
• To measure fatigue, we will perform the activities at least 20 times to replicate a 
year's worth of classroom use. 
11. Educational Effectiveness 
• A survey will be given to students and professors to help us gauge how well the 
activity is at teaching the confusing principle. 
12.  Interest Level 
• A survey will be given to the student after using the activity to measure how 
interesting the activity is to use.  
 
 
4. Concept Design 
 
4.1 Concept Design Process 
 
At the beginning of our ideation phase, we created a functional decomposition tree to break each 
activity into sub-functions (Figure 7). We then converted these sub-functions into How Might 
We (HMW) questions. Using Google Jamboard (due to COVID-19 social distancing 




Figure 7. Function Decomposition Tree. Each activity is treated as a main function where 
the sub-functions are the processes necessary for each activity.  
 






Figure 8. An example of a How Might We question. For this image, our team brainstormed 
written solutions for how we could facilitate angular and/or linear motion for the Rigid 
Body Kinematics activity.  
 
From these initial ideas, we then individually sketched our own ideas for each sub-function. 
Additionally, we created cheap models to check the feasibility of our ideas and these models 
helped us to refine and/or eliminate some of our initial sketches. Images of these models and 
what we learned from them can be found in Appendix B. These sketches were then compared on 
how well they met our customer needs using Pugh matrices. The best ideas were then arranged in 
a morphological matrix, as shown in Table 3, from which we created full system sketches. 
Finally, using a weighted decision matrix we compared the system sketches. All our decision 
matrices, important sketches from each phase, and a list of all our ideas can be found in 
Appendix C.  
 
Throughout this ideation phase, we met a few times with Dr. Self. Each time we gained greater 
clarity on what kind of an activity he is looking for and how we could improve our concepts. For 
instance, we often found ourselves designing for criteria he did not want. For one example, as 
shown in Table 3, our original goal was to design rolling cylinders and a ramp. However, our 
sponsor directed us to focus just on creating computer aided design (CAD) models for the 
cylinders and let individual professors decide how they want to build the ramp. 
 
Another major misunderstanding was with the Impact-Momentum activity. It did not become 
clear to us until October 23rd that Dr. Self specifically wanted an angular impact-momentum 
activity. Therefore, we converted the ideas we had created for a linear impact-momentum 











Table 3. Morphological matrix for the Roller activity. After further conversations with Dr. 
Self, it was decided to only focus on creating CAD models of different cylinders (size and 
shape), which is why the other rows are shaded. The specific ramp design would be left up 
to whoever is running the activity. 
 
Rollers 
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4.2 Concept Design – Selected Concept 
 
Our project consists of six main topics used in dynamics courses: Mass-Moment of Inertia 
(Rollers), Friction (Spool), Rigid Body Kinematics (RBK), Coriolis Effect, Angular Impact and 
Momentum (AIM), and Relative Motion (Mass-Pulley). The goal is to provide hands-on 
activities that will be easily accessible, and 3D printed to further enhance the understanding of 
these complex dynamics principles. We modeled and printed prototypes to further test and 
validate our designs and functions to promote intuitive thinking while performing these 
activities. Our initial 3D printed prototypes are found in Appendix B. 
 
4.2a Mass-Moment of Inertia (Rollers) 
 
The Roller activity is already in use at Cal Poly. Our job for this activity is only to provide CAD 
models for the cylinders. Thus, we created a CAD model with four configurations: Large Ring, 
Large Solid, Small Ring, and Small Solid as shown in Figure 9. These four configurations can be 
further augmented by changing the infill % (mass) and location of their center of mass during the 
3D printing process. The design of the ramp the cylinders will roll down will be left up to 
individual professors as the most basic ramp only needs to be a simple plywood board.  
 
 






Figure 9. Four 3D printed cylinders (from left to right): Large Ring, 
Large Solid, Small Ring, Small Solid. The cylinders can also be 






Figure 10. Spool activity with platform to show direction of friction force. 
 
The Spool activity is currently being used in the dynamics course at Cal Poly. Its objective is to 
have students predict which way the spool will roll by varying the direction of the input force 
which is acted by pulling a string. Our sponsor advised us that we may improve the design of the 
spool due to how the string currently attaches can become detached. To solve this concern, we 
added a hook provision as seen in Figure 10, where the string can now be tied directly to the 
spool. We made the hook large enough to accommodate a ribbon as an alternative to the string 
being used. We also added a shaft with a key to fit in the center of the spool that has a keyway, 
this allows the shaft to be interchangeable when the activity asks students to suspend the spool 
between two desks. Additionally, this shaft helps constrain the spool in the upright position when 
 




used in the platform configuration as shown. This creative platform with rolling cylinders and 
rails was inspired by a treadmill. It will be used to help illustrate the direction of the friction 
force as the spool rotates the rolling cylinders and a piece of paper can be sandwiched between 
them (similar to the deck on a treadmill) to show that friction opposes potential relative motion 
or when the friction force is the driving force. Two other ideas, as shown in the final concepts for 
the spool activity in Appendix C, will also be tested. 
 




Figure 11. Slider Crank Mechanism 
 
To demonstrate the principles associated with rigid body kinematics, we have decided on an 
activity that makes use of a 7 in x 7 in pegboard that can be either purchased or printed to 
provide the foundation for the multiple bar-linkage system that is human operated (Figure 11). 
The input crank (red knob) is operated in either a counterclockwise or clockwise direction by the 
user. These modular links can be added or removed from the system so that the student can 
analyze the effect of the crank-slider mechanism under different scenarios. The pegboard allows 
for the modularly detachable crank case and slider case to be positioned anywhere within the 
boundaries of the pegboard. This allows even more modularity to analyze different Grashof 
conditions in an easy to implement fashion. The entirety of this model can be assembled using 
press-fit connections or pin-joints that are also 3D printed. One should take note that while 
Figure 11 shows a crank-slider with four links, this activity can have any number of links and 




















                                                                     (a)                                                              (b) 
Figure 12. (a) Ramp with Physical Pendulum and Sphere (b) Different Pendulums: Inelastic 
Collision (top) and Elastic Collision (bottom) 
 
To demonstrate angular impact-momentum, we decided on printing a ramp with a v-groove slot 
to guide a marble on a path to then collide into a pendulum. The entire activity, aside from the 
sphere, can be 3D printed. As shown in Figure 12, the ramp is split into two parts and is joined 
with “puzzle” joints since the standard 3D printing bed is 8 in by 8 in. These same puzzle joints 
also connect the pendulum base with the ramp. The ramp will provide the sphere with the initial 
kinetic energy that is needed to then be transferred into the pendulum. The physical pendulum 
swings in a groove on the axle that connects the pendulum base. The activity works by the sphere 
rolling down the ramp and hitting the pendulum. By observing the angle gage, one will be able to 
tell how far the pendulum swings after getting hit. Different scenarios include changing the 
sphere’s size, mass, starting location on the ramp (speed), and type of collision (inelastic and 
elastic). To simulate inelastic collisions, we are using a pendulum with a “catch” at the bottom to 
catch the sphere as it hits the pendulum. For elastic collisions, this pendulum can be oriented 
backwards so the sphere hits a solid surface, or another pendulum could be inserted that is a 

















4.2e Coriolis Effect 
 
  
                                  (a)                                                                           (b) 
 
 
Figure 13. (a) Rotating Marble Disk (b) Cross-sectional view of Coriolis Disk.  
 
The Coriolis effect, seen by the response of a stationary object dropped onto a spinning disk, is 
to be accomplished with the mechanism seen above in Figure 13. A marble is to be dropped onto 
the center of the spinning disk, and the resultant direction of the marble shooting radially 
outward is the response that will be emphasized by the student to observe. A ramp is positioned 
on the outer-most radial direction so that a different condition can be observed where a marble is 
dropped on the outside of the disk with kinetic energy providing the marble with a velocity 
vector that opposes the radial acceleration vector of the disk. This activity, albeit unique in 
nature, poses a difficulty of only being able to provide the student with mere fractions of a 
second to observe the behavioral response of a marble on a spinning disk. Not only is this design 
difficult to observe in the amount of time, it also poses a challenge to accurately assess the 
resultant path the marble took due to the speed by which the disk is rotating. Both complexities 
provide a design challenge that we will hone in future design iterations.  
 
4.2f Relative Motion 
 
To demonstrate relative motion, two masses on the same string are hung around a pulley and one 
can observe which combination of masses reacts faster. Our design seen in Figure 14, 
incorporates the use of a pegboard to provide the foundation of holding up our bearing that will 
serve as the purpose of the pulley. The pegboard, along with all the attached components, will be 
suspended vertically on the edge of the standard classroom desk, which will be attached using 
3D printed C-clamps that are secured by the tightening of a bolt pin. We recognize that this 
design may introduce a safety hazard since vertically suspending structures off the side of a desk 















Figure 14. Vertically Suspended Mass-Pulley System. 
 
4.3 Preliminary Analysis 
 
Due to the simplicity of our project, no finite element analysis, heat transfer, or other advanced 
calculations are needed; however, manufacturing considerations and system dimensions will 
come into play more than calculations due to the constraints that traditional additive 3D printing 
requires. This can be found in the 4.4 Manufacturing section below. Our preliminary analysis 
mainly involves printing the activities and seeing how they work. Examples of different things 
we need to test include comparing how close the results are for the rollers (Rollers), mechanisms 
to see the direction of the friction force (Spool), link connections (RBK), how one can discern 





The goal with these sub-models is to use the additive manufacturing method known as 3D 
printing as much as possible in the prototyping phase as well as the final product design phase. 
The activities have been designed with this in mind, emphasizing overhang, support, build plate 
adhesion, and other parameters to ensure the efficiency, versatility, and functionality of the 3D 
printed assemblies. One of the main concerns that will have to be addressed when presenting 
teachers with the files to print will be support removal. After experimenting with a variety of 
support patterns, the one that we have found to work the best, with regards to the ease of 
removal, is with the “lines” setting. A pair of pliers or tweezers is recommended with this 
removal, as the support generated can be hard to unstick from the base of the model that is 
printed. Although eliminating support for overhang would be the most ideal scenario, building 
the models to operate within the parameters that we need them to while eliminating overhang 
 




completely is not feasible. Thus, the part removal of support is inevitable but can nonetheless be 
minimized through improved design.  
 
4.5 Risks and Challenges 
 
The challenges that are associated with our particular project almost entirely involve the 
manufacturing process. Current 3D printers’ abilities vary greatly in areas such as tolerances, 
build-plate size and material, warping mitigation, and much more. Due to this complexity, parts 
that are meant to be printed on one printer may not be suitable for another. This poses a major 
design challenge that will be more readily analyzed once testing and failure analysis occurs in 
the latter parts of the project development. The removal of support that is generated to support 
material that exceeds roughly a 45-degree overhang will have to be documented thoroughly, as 
to how the support will be removed from the parts when they have finished printing on the bed. 
Warping is an extremely common issue that direct injection printers experience, and can almost 
entirely be a factor of variables that one simply cannot control such as: atmospheric moisture, 
temperature, dust, build plate material, printer filament, etc.  
 
Some of the hazards, which can be seen in Appendix D, are very minimal with regards to hands-
on 3D printed dynamics activities. Toxicity being the main one, is only of major issues to 
students if PLA parts are consumed at an amount that exceeds 60mg Styrene per kilogram of 
weight. No student should by any means be ingesting such a copious amount, so this metric can 
be virtually eliminated. One other minor toxicity hazard associated with the printing are the 
fumes that are emitted by the melting of the material, in particular PLA or ABS plastics. In a 
well aerated environment, fumes should be too minimal to affect the human body if accidentally 
respirated into the lungs.  
 
 
5. Final Design 
 
This chapter illustrates the final design of each activity as it has been modified since the Concept 
Design section was written in November 2020.  
 
At Cal Poly, the machine shop Mustang ’60 and the Innovation Sandbox use Polylactic Acid 
(PLA) as their standard filament, so we have adopted PLA to be our standard filament as well. 
Additionally, our 3D printable pegboard (Figure 15) is based off current pegboard in the Physics 
department. The grid dimensions are 7 in. x 7 in. with 0.25 in. more to include the letters and 
numbers. The 0.25 in. holes are spaced on a 0.5 in. x 0.5 in. grid pattern. This pegboard is used 
for the Spool, Rigid Body Kinematics, and Mass-Pulley activities.  
 
 






Figure 15. 7 in. x 7 in. pegboard with 0.25 in. holes. Used in 





The rollers were tested with the original design at a 10% infill to reduce printing time to only one 
day. However, the low infill percentage prevented the rollers from matching the mass moment of 
inertia theories due to them no longer being homogenous. Thus, the diameters were reduced to 
2.5 cm and 5 cm so they could be printed with 100% infill. Since all the rollers are printed with 
the same infill percent and density (using PLA), the pipes were given a longer length to match 
the mass of the same sized cylinder. To match all the current scenarios in the original activity 
there are five rollers: Large Cylinder, Large Pipe, Small Cylinder, Small Pipe, Short Small Pipe 
(reduced mass). These are shown in Figure 16.  
 
 






Figure 16. Five rollers printed at 100% infill. The pipes are longer than the cylinders, so they 
have the same mass. The larger diameter is 5 cm and the smaller is 2.5 cm. From left to right: 





The spool activity (Figure 17) has been undergoing constant improvement changes specifically 
in the design of the spool itself. Due to the nature of the spool’s geometry where the two 
different diameters of the spool are offset and parallel to one another leads to them being 
perpendicular to their adjacent center shaft. This leads to the need of having to add printing 
support material during the 3D printing manufacturing process since the overhang is at 90°. For 
reference, based on past experience, our team decided that any overhang greater than 45° will 
need support material. The problems that are occurring is during the post processing phase after 
the print has been completed and the need to remove the support material has been challenging to 
remove. The support adheres to the walls in such a way that it is difficult to remove. Thus, 
adjusting the 3D printer’s support distance is being investigated and another alternative is to print 
the spool in a vertical orientation rather than horizontally.  
 
 






Figure 17. Spool activity assembly shown with the treadmill 
that’s used in aiding to physically display the direction of the 
friction force and suspending the spool with its center shaft for 
an additional activity. 
 
Any additional revision to the spool activity comes in the form of adding an additional peg to the 
short base where the previous design only had one on each side to attach to the pegboard. During 
testing, we noticed that the base would want to rotate about the peg centerline’s axis which is not 
desirable. To fix this small inconvenience, an additional peg was added to the short base to 
prevent rotation. Overall, the design of the treadmill to physically portray the friction force has 
been proven to work beautifully and the additional features of the included rail system allow for 
modularity of different tests to be made within the same design. This additional bonus to the 
treadmill design has been a success where the need of having students to move their desks to 
perform the test of suspending the spool about its center shaft across two desks has been 
eliminated. Thus, instead of moving desks around in the classroom, students can simply suspend 
the spool about its center shaft directly on the rail system (Figure 18).  
 
 






Figure 18. Actual Spool Activity assembled where numerous case studies 
are being tested to confirm the overall designs work as intended. 
 
Since the physical models of the spool activity are now all printed, it is time to test them with the 
activities provided from Dr. Self. Four different cases were tested and only one of them gave an 
issue. Case 3 currently has students to place two desks side by side and put the spool over the 
gap between the two desks so that the string hangs down. The problem with this, is that the 
pegboard itself needs to be suspended between two objects as well. This slight inconvenience 
can be dealt with either following the instructions in Case 3 by having the spool still being 
suspended between two desks. Or, because our team wanted to eliminate the need of a desk, 
students can suspend the pegboard between books, folders, or anything that can hold the 
pegboard horizontally and still give access to the middle of the pegboard. The string will just 
need to be inserted inside one the pegboard’s holes and everything should be okay.  
 
Additionally, a new case study is also being developed where the use of the railing system and 
the rolling cylinders on the treadmill inspired base design is being implemented as shown in 
Figure 19. This is being introduced as Case 5, where students will need to place the spool 
between the two rails with the center axle resting on them while the spool sits on top of a 
notecard that’s being placed on top of the rolling cylinders. Students will then gently pull the 
string in the direction shown and will have to predict which direction the friction force acts on 
the notecard and will be able to physically see which direction the friction force acts relative to 
the notecard.   
 
 






Figure 19. The goal of Case 5 of the Spool Activity is to enable students to 





5.3 Rigid Body Kinematics 
 
The Rigid Body Kinematics activity (Figure 20) has seen a thorough amount of design change 
revisions to help augment the functionality of the activity. Initially, the most glaring problems 
that were plaguing this activity included the accurate tolerances that were needed to achieve the 
“snap fit” connections along with having linear and angular motion of the slider and bar linkages 
experiencing obvious frictional resistance due to 3D parts rubbing together. 3D parts do not have 










Figure 20. Rigid Body Kinematics activity emphasizing modularity within 
the confines of a pegboard. Multiple links can be added and subtracted to 
change the variables of the activity. 
 
The activity was changed in a variety of ways to combat these issues. The tolerances to achieve 
the snap fit were tested amongst a variety of incremental adjustments of 5 thousands of an inch. 
We narrowed down the most optimal tolerance difference to achieve an almost perfect snap fit, 
held together by pressure and frictional forces. The parts that experience rubbing due to motion 
had fillets added to them to decrease pressure buildup in sharp corners. The parts that need the 
most optimal surface finish were printed with settings that were labeled “high detail” with layer 
heights of no more than .15 mm.  
 
Once these changes were made, the parts now slide in and out of the pegboard easily enough 
where the student will be able to test multiple Grashoff scenarios all within the boundary of one 
activity.  
 
5.4 Angular Impact-Momentum 
 
These were the changes to the AIM activity by the time of the CDR: the ramp leg became 
detachable, many parts were made thinner, only one snap ring (instead of 3) was needed, the 
lower ramp “pit” was made a little shorter, the inelastic pendulum arm was redesigned, different 
connection joints were being used, and more. That cut down printing time by over 10 hours, 
reduced the need for support, and reduced printing errors. Additionally, the new inelastic 
collision pendulum design (Figure 22a) caught the marble by letting it deflect off an angled 










Figure 21. CDR Angular Impact-Momentum activity using a 0.5 in. marble 
&/or bearing ball. The total horizontal length of the ramp is 11.2 in. The 
“basket” pendulum is shown. 
 
  
  (a) Basket (b) Magnet 
  Figure 22. Two inelastic collision designs by the time of the CDR: (a) The basket design 
lets the marble fall into a pit with the front wall preventing it from falling out (b) The 
magnet design holds a magnet that will catch a magnetic bearing ball.  
 
However, we still had some outstanding issues with those improvements: the upper and lower 
ramp didn’t join easily due to differences in printing orientation (to reduce the need for support), 
it was hard to see how far the pendulum swung back and compare it to other runs, the pendulum 



















We also experimented with using heavier balls, such as bearing balls, and using a magnet in the 
pendulum (only when using the bearing ball) for the inelastic collision (Figure 22b). This 
produced better results in terms of the pendulum swinging further after getting hit and we hoped 
the magnet would limit energy losses—in comparison to the “basket” which deflects the marble 
off an angled wall into its pit. However, we wanted to change the ball’s mass, and this was easier 
to do with two balls of the same size (marble and bearing ball) than having a pendulum that 
could catch two bearing balls of different diameters. Also, we didn’t want to require the 
additional purchase of magnets. Furthermore, Dr. Self, wanted to have the pendulum arm and 
base be different masses to simulate a point-mass. On top of this, students could then experiment 
increasing/decreasing the mass of either the pendulum arm and/or basket. Initial brainstorming 
revealed that the magnet pendulum would have a harder time securing a removable arm due to its 
smaller base size. Thus, the design focused-in around the “basket” pendulum. 
 
Figure 23 shows a few iterations of the basket-wall assembly to allow the pendulum arm to be a 
separate part. The pendulum arm slides into the T-cut on the top of the basket. The first design 
used multiple knobs on the basket. While this was great when it worked, the holes in the wall 
were too close to the edges and there was a high probability it would not be printed correctly. 
The second design used an angled groove. In principle this should have worked great. However, 
there was no way of supporting the bottom of the wall, so it could rotate too much. Additionally, 
the groove was too short to counter-act this and prevent the wall from popping out when the 
marble hit the basket. The last design used only two knobs and the wall meshed with the basket 
due to some parts of the basket’s lip being extruded a little further than others. This worked the 
best and was less likely to fail when being printed. 
 
   
   (a) Multiple Knobs (b) Angled Groove (c) Two Knobs 
   Figure 23. Three pendulum designs. (a) The wall snapped onto the basket using multiple 
knobs and holes. (b) The wall slid into the angled groove on the basket. The lip of the basket 
was also extended to provide support for the wall. (c) A combination of the first two designs. 
There are only two holes in the wall and the lip of the basket is slightly extended in some 
areas so the wall can seamlessly mesh with the basket. 
 
 






Figure 24. Final basket design with a sliding wall. 
 
However, the walls would always pop off during the collision of the ball. Thus, it was deemed 
preferable to use a little support when printing the basket and make a sliding wall (Figure 24). 
Since the sliding slit is at an angle greater than 50°, only the basket opening needs support. This 
design is the most secure, but the wall still doesn’t stay in place during collision. Fortunately, 
instead of popping off like the other designs, it only slides upwards. Nevertheless, this sliding 
does allow the bearing ball to roll out of the basket. Thus, a little tape is needed to hold the wall 
in place.  
 
The pendulum arm also went through some variations (Figure 25). Instead of being cut in the 
middle, as shown in Figure 22, it was trimmed on the sides to have a middle bar. This made the 
center of the pendulum easier to see on the angle gage. Additionally, a hook version was made so 
the axle didn’t have to be removed every time the pendulum had to be disassembled to change 
either the pendulum arm or basket for another version with a higher/lower infill percentage. It 
also has less mass than the original design making it quicker to print. The hook arm was also 
tested at a width of 0.1 in. instead of the current 0.2 in., but it was more difficult to see the 
pendulum swing. Thus, the arm width stayed at 0.2 in. 
 
  
  (a) Original Pendulum Arm (b) Hook Pendulum Arm 
  Figure 25. Two pendulum arm designs. (a) The original pendulum arm design. (b) The 
hook pendulum arm. This design has less mass (quicker to print) and can fit over the axle 
eliminating the need to disassemble the axle every time the pendulum needs to be 
changed.  
 





During the Manufacturing test (see Section 5.7b), it was discovered that the snap ring rarely 
worked well with the axle. Thus, the base supports were given angled grooves and the axle was 
given “rings” to hold it between the base supports (Figure 26). A keyway design was initially 
used (similar to the original axle), but the external “key” proved to be much more effective at 
preventing axle rotation and was less prone to errors due to printer tolerances. Unfortunately, not 
using a snap ring made the original pendulum arm design (not the hook) unusable. Nevertheless, 
the hook arm worked so well that this was deemed acceptable. Slow-motion footage revealed the 
pendulum jumped up when hit by the ball due to the angled “backboard” in the pendulum basket. 




Figure 26. The axle with an external “key”, overhead bar, and no 
snap rings. 
 
During testing, it was observed that the ball would bounce off the groove between the upper and 
lower ramp parts. This reduced its velocity and often made the activity unable to function. Thus, 
the lower portion of the ramp was removed leaving only the upper ramp and the leg. This also 
saved about three hours of printing time and reduced the number of total parts. A tab was also 
added to the side of the ramp so a user can hold the ramp steady when performing the activity. 
Additionally, a user can hold both the marble and bearing ball in the tab when not using them. 
The multiple tick marks on the side of the ramp were reduced to two ticks to make it easier for 
students to know where to start the ball. However, a specialized starting tab was needed to fit 
into those slits to keep the ball in place and then start it consistently. Therefore, “rails” were 
added to the top to allow a user to place a ruler on the ramp. This made it easier to start the ball 
consistently each time and keep it in place until one adjusted their position to better see the angle 
gage. The ramp’s leg was also iterated a few times to reduce printing time and make it more 
secure. The ramp is shown in Figure 27. 
 
 






Figure 27. Improved ramp with a holding tab, rails, and no lower part. 
 
To compensate for the change in the ramp’s design the base supports were given L-brackets to 
act like the lower ramp’s wall and prevent marbles from rolling away. The base supports were 
also thinned out, reducing printing time, the tick marks became slits to make viewing the 
pendulum’s motion more obvious, and every 30 degrees the slit is smaller to make it easier to tell 
which slit the pendulum reached (Figure 28). User feedback prompted us to add the number 10 
above the first slit to remind the user that the slits are in degrees of 10. Additionally, further tests 
revealed that having the angle gage further away from the basket, so only the pendulum arm is 




  (a) Default Base Support (b) Angle Gage Base Support 
  Figure 28. The improved base supports. They are thinner than the CDR design, have L-
brackets to replace the lower ramp, have angled slots for the axle, and the angle gage has 
a viewing window to see the location of impact. 
 
To offer future versatility to the activity, an excel sheet was also created (Figure 29) which 
calculates the height of the pendulum at each condition. Additionally, the excel sheet uses rigid 
 




body equations as well as a point-mass approximation. The density of PLA used was 1.25 g/cm3 









The purpose of the Coriolis activity is to demonstrate the Coriolis effect by rolling a marble 
along a rotating disk. They can then observe the deflection of the marble compared to a rotating 
base.  As shown in Figure 30, the assembly consists of 4 connecting quarter pieces, as well as 
two chutes to drop the marble down to give it a velocity.  The outer chute (yellow) is connected 
using a hex pin and hole. This allows for it to be positioned in three directions facing inwards, 
allowing students to perform multiple scenarios.  Each quarter piece is connected to the two 
adjacent pieces with a puzzle joint, as well as connected with a pin in the center. Since the 
Preliminary Design Review, the outer chute has been simplified and made vertical to avoid hard 
to remove infill. Also, the overall volume of almost every part has been reduced to increase its 
manufacturability and lower its total cost. 
 
In order to smoothly rotate, the base connects to a sliding bearing as shown in Figure 31. 
Because the base and chutes are lightweight, the sliding action of the bearing does not add 
significant resistance. The top bearing (in red) connects to the 4 quarter bases allowing for the 
whole structure to rotate freely from the bottom bearing (in grey), which will be connected to a 












Figure 30. Coriolis activity fully assembled. Each quarter base has 
a radius of 6 inches, while each chute is 3.5 inches up from the 





Figure 31. Cross sectional view of sliding bearing. The tabs on the 
bottom bearing can either be taped to a desk or connected to the 
pegboard. 
 
Following a meeting with our sponsor as well as testing hands on ourselves, led us to make a few 
design changes to make the activity more usable. The first was to lower the chutes’ heights down 
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Figure 32. Coriolis activity with updated 1.5 inch inner and outer 
chute 
 
Additionally, the center connecting mechanism was reworked. The diameter of the peg 
connecting the top bearing to the center chute through the quarter bases was increased to make 
the assembly stronger and less tolerance dependent.  
 
 
Figure 33.  Overhead view of Coriolis assembly showing the 





The Mass-Pulley activity utilizes the pegboard to be suspended vertically while being attached to 
the side of a student’s desks. The mechanism we utilized to overhang the pegboard are the 
adjustable c-clamps we presented in the Concept Design section. The c-clamps threaded portion 
to accept a bolt has been iterated multiple times. This is due to the threaded hole being parallel to 
 




the base of the c-clamp which requires supporting material during the 3D printing manufacturing 
process. The problems we encountered were that the threaded hole was being printed non-
concentrically due to the overhang being greater than 90° which didn’t allow for the bolt to 
thread in properly. We then added supports to compensate for the overhang, but during the 
removal of the supports, residue of the support material was still adhering to the walls of the part 
which also caused a restriction to not allow the bolt to be threaded in as seen in Figure 34. A 
redesign was needed so we came up with the idea of adding a nut insert into the c-clamp. This 
nut insert allows for it to be printed vertically without the need for any supporting material and 
can then be inserted into the c-clamp. This proved to be successful and now the c-clamp design 
operates as intended.  
 
 
Figure 34. The internal threads were challenging to print as the 
hole is perpendicular to the printing orientation. Thus, a non-
concentric hole is printed which will need to be fixed. 
 
Figure 35. Mass Pulley activity assembled shown with the Version 
1 of the dual mass cup catcher. 
 
 





An additional change from the Concept Design comes in the pulley that is being used to rotate 
the string. Initially we thought that a ball bearing would be feasible to 3D print, but after a few 
trial-and-error prints, the fine details and tight tolerances needed for a bearing to operate 
effectively were not being captured during the 3D printing process. So, we ditched the idea of 
printing bearings and instead will be relying on clearance fitments between a shaft and the pulley 
to allow it to rotate freely. The attachment shaft of the pulley to pegboard is currently undergoing 
through some design iterations but this seems like it will fix our need to not needing bearings for 
our rotating parts. Consequently, with the design intent to rely on loose fitting/clearance 
tolerances proved to be the fix to allow the pulleys to rotate around a shaft. The mass pully 
activity is shown assembled in Figure 36. 
After testing the operation and fitment of each component, it was time to test the activities that 
Dr. Self has provided. Five different case studies were tested and we quickly noticed that it 
would be much more beneficial to have the comparisons be tested within the same assembly 
right next to each other. A quick redesign was implemented and now, two different cases can be 
performed right next to each which will easily display the results as shown in Figure 36. 
 
 
Figure 36.  The new design of the Mass Pulley activity allows to have two different cases to be 
tested against each other within the same trial.  
 
Lastly, another slight issue that presented itself when following Dr. Self’s activity worksheet is 
the use of the same magnitude of weights that are inserted in the mass cups. Currently, 50 gram 
weights are tested at a time and the use of 5 total weights in one cup creates a substantial  
downward force that simply cannot be supported by our assembly. To compensate for the big 
 




weight differences in metal vs PLA, we decided to still use the same change in weights (same 
deltas) but use a different unit of measurement, the mass unit, instead of grams. Now, each coin 
will have a magnitude of 50 mass units instead of grams as shown in Figure 37. This still allows 
for the activity to be performed as intended and still give the same results as before, but it is now 




Figure 37.  50 mass unit coins will be used as a substitute for the 
heavy 50 gram weights that were previously used. This puts a lot 
less force on the assembly of parts while still maintaining proper 
operation of the activity.  
 
 
5.7 Manufacturing, Testing, & Repair 
 
At the beginning of 2021, we performed a Design for Manufacturing and Assembly analysis 
(Appendix E). In this analysis, we considered what parts were needed for each activity, how they 
were going to be acquired (3D printed or purchased), and any key limitations for their 
production. This was then developed into a Manufacturing Guidelines (Appendix F) and an 
Indented Bill of Materials (Appendix G). The Manufacturing Guidelines outlines the total cost, 
printing time, printing orientation, and extra parts to purchase while the Indented Bill of 
Materials shows the part numbers, quantity, assembly arrangement, and source for purchased 
parts. Detailed drawings of all 3D printed parts and assemblies can be found in Appendix H. The 
reader should note that since all parts are 3D printed, these drawings are only for reference and 
do not give enough detail to manufacture them in any way besides 3D printing. Additionally, we 
created a Design Verification Plan & Report (Appendix I) to organize testing to meet Dr. Self’s 
main project specifications with detailed test procedures and results in Appendix J. 
 
 




These activities are designed to be durable and survive a few drops from a school table, as shown 
in the DVP&R. Furthermore, they are designed to be able to withstand rough handling and 
transportation. However, even if a part breaks, since these activities are 3D printed, a 
replacement part can be ready within a day. 
 
5.7a Weight Test 
The purpose of this test is to ensure that all printed components of an activity are light enough to 
be carried safely to-from-and in the classroom.  
 
This test is being conducted to verify specifications from the 3D printer’s splicing software 
weight approximation matches the weight on a scale by physically measuring it. Where all the 
parts for a selected activity need to be printed to make sure they weigh less than 3 pounds 
altogether. We tested at least one 3D printer’s prints to confirm their weights and noted the 
numerical weight approximation that Cura, splicing software, gives to compare with the actual 
weight scale’s results.  
 
The printing occurred at a team member’s home where the 3D printer is located and we utilized 
Mustang ’60 to borrow a weight scale, Adventurer Pro AV8101 C, to weigh the components as 
seen in Figure 38.  
 
 
Figure 38.  A one-gram difference from Cura’s weight 
approximation to the actual weight of the part was observed. 
 
 
The sum of all the activities component’s weights was taken and a Pass/Fail criteria was used 
based upon whether the entire activity weighs less than 3 pounds as confirmed by the weight 
 




scale. The Spool and Mass-Pulley activity were tested, and their results can be seen in Table 
5.7a. 
Activity Weight [g] Pass/Fail Comments 
Spool 403 g Pass 0.89 lbs < 3 lbs 
Mass-Pulley 375 g Pass 0.83 lbs < 3 lbs 
 
Table 5.7a: Summary table of weight test results from the Spool and Mass-Pully activities 
We observed a maximum difference of 1 gram between Cura’s weight approximation with the 
actual weight measured by the scale. Thus, we will accept Cura’s weight approximation to be 
accurate within +/- 1 gram and no future testing is required. Thanks to the shop technicians 
working at Mustang ’60 Machine shop for lending the weight scale. 
 
 
5.7b Manufacturing Test 
 
The goal of this test was to make sure there wasn’t a large difference in printing times between 
printers and if the quality of the parts depended on the printer settings.  
 
From the AIM activity, the following parts were printed on multiple printers: axle, pendulum 
arm, pendulum basket, pendulum wall, and snap ring. They were printed on a team member’s 
printer, in Cal Poly’s Mustang ’60 machine shop, and Cal Poly’s Innovation Sandbox. All three 
locations had different 3D printers. Additionally, the parts were printed with our recommended 
settings (Appendix F) and those preferred by Mustang ’60 and the Innovation Sandbox. 
 
All three printers with similar settings took about 2.67 hrs. to print all the parts, so there was no 
big difference in printing time between printers. Additionally, the quality of the prints depended 
more on factors such as having a level printer bed and quality of the printer than the specific 
settings used. Figure 39 shows two sets of parts printed in the Mustang ’60 machine shop. When 
the bed was properly leveled, the parts had a similar quality to those printed in the Innovation 
Sandbox. Figure 40 shows two sets of parts printed in the Innovation Sandbox using different 
settings. Both the pendulum wall and snap ring had inconsistent results for each trial. Sometimes 









  (a) Unleveled Bed (b) Leveled Bed 
  Figure 39. Two sets of parts printed by the printers in Mustang ’60. The parts printed on 
an unleveled bed were unusable. The parts printed on the leveled bed had a similar quality 




  (a) Recommended Settings (b) Innovation Sandbox Settings 
  Figure 40. Two sets of parts printed by Cal Poly’s Innovation Sandbox. The Innovation 
Sandbox settings seemed to result in a better basket, but our recommended settings 
produced a better pendulum. Nevertheless, both sets of parts were usable if the snap ring 
is not considered. 
 
Thus, we determined that it was not necessary for users to use a specific set of settings (we could 
merely provide suggestions) and we could add an approximate printing time for each activity. 
 




5.7c Durability Test 
 
Parts were dropped from 4 ft. to test their durability. No visible signs of damage was found. 
 
 
5.7d Portability Test 
 
In order to ensure the activities can be transported by professors easily between classes, a 
portability test was performed for each activity.  This involved setting up a test box area of 11” x 
11”. Then all of the activity's components were placed inside that box. Once all the pieces are 
placed down, the total dimensions that the activity takes up is recorded as a length, width, and 
height measurement. Then the total volume that the activity takes up is calculated. For the 
portability test, we allowed two cubic feet of storage space for ten activities. All activities passed 
the portability test, meaning that every activity can be carried in two boxes with volumes of one 
cubic foot each. 
 
5.7e Modularity Test 
 
This test made sure each activity could be setup in a timely manner: less than three minutes. Due 
to the difficulty of meeting with students, only the RBK and AIM activities were tested. Then 
again, Rollers, Spool, and Mass-Pulley are activities already being used and didn’t need this test. 
 
We met with a group in the Bonderson building. They were walked through the RBK activity 
and quickly understood how to do everything. For the AIM activity, four students setup the 
activity for the first time with the following times: 105, 180, 197, 157 sec. Three students who 
had previously setup the activity were then asked to set it up again (one included the creator of 
the activity). These were their times: 30, 105, 35 sec. Using a Student-t statistical analysis, 
students who have never seen the activity can set it up in about 2 min. 40 sec. ± 1 min. 4 sec. 
(95% confidence). However, after setting it up once, the time decreases to 57 sec. ± 1 min. 44 
sec. (95% confidence). With 95% confidence, the longest setup time would take 3 min. 44 sec. 
which meets our criteria of 3 min. ± 2 min. 
 
Thus, we concluded that the activities are user friendly and can be setup in a timely manner. 
 
 
5.8 Printing Time & Cost 
 
Table 4 shows the printing time and cost for each activity. The prices were calculated for $25 per 
kg of PLA. Some items like the pegboard and marbles can be used in multiple activities. Specific 
details about purchasing the string, notecard, and marbles as well as printing setup can be found 
in the Manufacturing Guidelines (Appendix F). The money spent by the team to develop the 














Table 4. Cost and printing time for each activity. The prices were calculated for $25 per 
kg of PLA. Printing time is the total time to print all the parts in an activity individually.  
 
Item/Activity 
Cost Printing Time 
[$] [hrs] 
Rollers 6.53 23.7 
Spool 8.68 40.8 
Rigid Body Kin. 7.05 11.9 
Ang.-Impact Mom. 5.15 15.5 
Coriolis 11.00 46.3 
Mass-Pulley 5.63 32.7 
Pegboard 2.50 13.0 
String 4.29 - 
Notecard 0.49 - 
Bearing Balls 8.35 - 
Marbles 5.99 - 
Total 65.65 183.8 
 











3mm PLA 24.99 
1.75mm PLA 23.73 
1.75mm PLA 23.73 








Each activity has its own worksheet to guide students through the activity. These worksheets can 
be found in Appendix K. 
 
 




6. Project Management 
 
To successfully complete this project, we followed a linear path with multiple check points to see 
if our sponsor approved of our progress or to improve the design. The Scope of Work was 
presented to our sponsor Dr. Self on October 13th, and after he agreed with our project outlook, 
we immediately began ideation. To help us revise our ideas and test their feasibility, we created 
cheap models to help us revise our ideas (Appendix B). After we produced multiple good ideas 
of dynamics activities, we used decision matrices to compare the activities and decide on which 
ones we would continue to pursue for further development. Once our final concepts were 
decided, we created detailed CAD models, and 3D printed them to see how they worked. 
Additionally, we completed a hazard checklist to be aware of possible safety hazards and how 
we might mitigate them in future design iterations (Appendix D). 
  
At the beginning of 2021, we created more detailed documentation and continued iterative 
testing for each activity. We performed specific testing (Appendix I) to see if our activities met 
Dr. Self’s specifications, as shown in the QFD (Appendix A). Since these activities are meant to 
be used in classrooms, we met with other students to try out two of the activities (Rollers, Spool, 
and Mass-Pulley are already in use). Additionally, our team performed our own testing to make 
sure each activity worked as intended. Personal testing, student feedback, and sponsor feedback 
led to the design iterations shown in the Final Design section. We also created and/or updated 
worksheets for each activity. These worksheets take the form of guided documentation to lead 
students through the activity and make sure they leave with a proper understanding of the 
specific dynamics concept each activity addresses. While we initially planned to conduct a 
satisfaction survey, we were unable to meet with Dr. Self’s students and thus did not complete 
this goal. 
  
Table 6 details the key deliverables for this project and our Gantt chart in Appendix L illustrates 
the more specific tasks towards accomplishing each milestone. 
  
Table 6. The four major milestones and when they are due. 
 
Milestone/Deliverable Date 
Scope of Work  10/13/20 
Preliminary Design Review 11/12/20 
Critical Design Review 02/12/21 
Final Design Review 06/04/21 
 
Although all sections in the report represent the final standing of the project, to give the reader 















o Concept Design 
• CDR 
o PDR 
o Improved Design 
• FDR 





Since CDR, our team has iterated, revised, and flushed out the respective design challenges 
facing each of our specific 3D printed dynamics activities. A variety of tests were conducted to 
ensure the maximal functionality of each activity while constantly prioritizing how to effectively 
convey complex dynamics principles through 3D printed mechanisms. Printing documentation 
along with subsequent BOM’s were developed for each activity to help highlight all ancillary 
details that professors may find useful. Material finishes and support generation among a variety 
of possible printer types were considered throughout design, ensuring that professors have 
minimal post-manufacturing processes they will have to do, such as support or skirt-line 
removal. Our activities have gone through multiple design changes to flush out all potential 
abnormalities that could plague each respective print, ensuring that professors who print the 3D 
files won’t have to deal with the numerous difficulties that may arise at any given time with 3D 
printing technology.  
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1 | | | | | 10% 8 8 5 3 1 2 3 1
2 | | 5% 8 2 2 4 3 2 4 2
4 | | | | | 11% 7 7 7 3 1 3 3 4
7 | | | 7% 8 4 3 3 1 4 3 7
8 | | | | 9% 8 8 3 5 5 3 4 8
9 | | | | 8% 9 7 3 1 5 5 5 9
10 | | | 8% 9 7 2 2 2 2 3 10
11 | | | | 8% 9 8 2 5 1 2 4 11
12 | | | 7% 8 6 2 5 5 3 5 12
13 | | | | 8% 6 9 3 5 3 5 4 13
14 | | | | | 11% 7 7 7 4 5 3 3 14
15 | | | 8% 9 5 3 5 5 4 4 15

























































































▽ ● ○ ●
●
Human Powered





Easy to follow guided documentation
Modular (multiple scenarios)
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Easily Interpereted Results 
Easily Assembled
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Angular Momentum (weights hanging on t-shaft)
Mass Moments of Inertia (wheels rolling down ramp)







QFD House of Quality
Project: _Dynamics 3D Printed Activities Revision
Date: __10/08/2020_
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Figure 2. Suspended plate to see the direction of the friction force 
acting on the spool. Because the friction force was so small, the plate 












Figure 3. Angle ramp to see when the spool would start to roll. 
This ended up being not something Dr. Self wanted in the activity. 
 
 






Figure 4. A hook-in-a-hole joint which allows rotation (top) and a square 




















Figure 7. A rotating disk with guide rails and coordinate arrows. 





Figure 8. A rotating disk with pop-up arrows to show the 




Figure 9. A rotating disk with marked lines so one can see how a 


































Figure 14. Two carts colliding with tick marks to measure distance. The ramps are used to 
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Figure 16. Coriolis 3D Printed Activity fitted on 3D Printed 
Bearings to allow for Angular Motion. 
 
 




Figure 17. Rigid Body Kinematics 3D Printed Activity 
demonstrating a 4-Bar Linkage System. 
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Function: Compare Response Between Objects   
                                        Concept 
Criteria 
Dip at End of 
Board 
Gate and Divider in 
Middle 
3D-printed Board for Fair 
Starts 
Portable (can easily transport 9-
10) 
S - + 
Easily Accessible S S S 
Non-Toxic Filament S S S 
Inexpensive S + S 
Easy to follow guided 
documentation 
S S S 
Modular (multiple scenarios) S S S 
Many Dynamics Principles S S + 
Usable in Classroom Envr. S S S 
Human Powered S S S 
Easily Interpreted Results  S + S 
Easily Assembled S + + 
Durability for Repeated Use S - + 


















Portable (can easily transport 9-
10) 
S S S S 
Easily Accessible S S S S 
Non-Toxic Filament S S S S 
Inexpensive S S S S 
Easy to follow guided 
documentation 
S S S S 
Modular (multiple scenarios) S S S S 
Many Dynamics Principles S S S + 
Usable in Classroom Envr. S S S S 
Human Powered S S S S 
Easily Interpreted Results  S S S S 
Easily Assembled S S S S 
Durability for Repeated Use S S S S 
Sum 0 0 0 1 
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Function: Make Transportable (weight under 5 lb.)    









Portable (can easily transport 9-10) S S S + 
Easily Accessible S S S S 
Non-Toxic Filament S S S S 
Inexpensive S S S - 
Easy to follow guided 
documentation 
S S S S 
Modular (multiple scenarios) S S S S 
Many Dynamics Principles S + + S 
Usable in Classroom Envr. S S S S 
Human Powered S S S S 
Easily Interpreted Results  S S S S 
Easily Assembled S S S - 
Durability for Repeated Use S S S - 
Sum 0 1 1 -2 




Function: Make Transportable (cont'd)   
Extendable 
Ramp 




2 Legs w/ 
Coupler 
Leg w/ Adjustable 
Nut 
Leg w/ Pin 
Holes 
+ S S S S S 
S S S S S S 
S S S S S S 
- S S S S S 
S S S S S S 
S S S S S S 
S + + + + + 
S S S S S S 
S S S S S S 
S S S S S S 
- - S S S S 
- S - S S S 
-2 0 0 1 1 1 


























      
Provide Objects with 
Different Moments of 















        
Make Transportable (prop-













Comments: After further conversations with Dr. Self, it was decided to only focus on creating CAD models of 
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Sketches for “Rollers”: 
 
  
Dip at End of Board 
Gate and Divider in 
Middle 
3D-printed Board for Fair Starts 
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Sketches for “Rollers” (cont’d): 
 
 
Extendable Ramp Puzzle Ramp 
 
Telescoping Leg 2 Legs w/ Coupler 
Leg w/ Adjustable 
Nut 























Function: Provide Different Coefficients of Friction  
                                              Concept 
Criteria 
Change Base Material 
Replaceable Plates w/ Varied 
Bump Size &/or Pattern 
Portable (can easily transport 9-10) S S 
Easily Accessible S + 
Non-Toxic Filament S S 
Inexpensive S + 
Easy to follow guided documentation S S 
Modular (multiple scenarios) S + 
Many Dynamics Principles S S 
Usable in Classroom Envr. S S 
Human Powered S S 
Easily Interpreted Results  S S 
Easily Assembled S + 
Durability for Repeated Use S S 




Function: Facilitate Motion in Objects   
                                                Concept 
Criteria 
String/Ribbon Variable Sized Ramp 
Portable (can easily transport 9-10) S + 
Easily Accessible S + 
Non-Toxic Filament S S 
Inexpensive S S 
Easy to follow guided documentation S S 
Modular (multiple scenarios) S + 
Many Dynamics Principles S S 
Usable in Classroom Envr. S S 
Human Powered S S 
Easily Interpreted Results  S + 
Easily Assembled S + 
Durability for Repeated Use S S 
Sum 0 5 
Comments: After further conversations with Dr. Self, we discovered we were designing the wrong 
type of activity (kinetic vs. static friction) and what he really wanted was small improvements on the 
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Function: Illustrate Direction and Size of Friction Force  
                                              Concept 
Criteria 
2D Simulation 
Baseplate for Spool to 
Roll on 
Portable (can easily transport 9-10) S - 
Easily Accessible S - 
Non-Toxic Filament S S 
Inexpensive S - 
Easy to follow guided documentation S - 
Modular (multiple scenarios) S - 
Many Dynamics Principles S - 
Usable in Classroom Envr. S S 
Human Powered S S 
Easily Interpreted Results  S S 
Easily Assembled S - 
Durability for Repeated Use S - 
Sum 0 -7 
Comments: Dr. Self is working with a graduate student in Oregon who already developed a 
simulation; thus, even though it scored a lot lower, he still wants a physical mechanism to illustrate the 






Function Idea 1 Idea 2 Idea 3 
 Provide Different 
Coefficients of Friction 
change bottom base material 
replaceable plates with 




Facilitate Motion in 
Objects 
3D print spools and wrap 
string around 
variable sized ramp   
Illustrate Direction and 
Size of Forces 
2D simulation w/ software 
baseplate for spool to roll 
on 
  
Comments: After further conversations with Dr. Self, it was decided we shouldn’t focus on different friction plates. 
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Sketches for “Spool”: 
 
  
Change Base Material String/Ribbon 
 
Replaceable Plates w/ Varied Bump Size &/or Pattern 
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Baseplate for Spool to Roll on (spring or rubber 
bands) 
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Function: Facilitate Angular and Linear Motion     
                                              Concept 
 
Criteria 
Move Link & Wheel 
Simultaneously w/ 







Portable (can easily transport 9-10) S + - + 
Easily Accessible S S - S 
Non-Toxic Filament S S S S 
Inexpensive S + + - 
Easy to follow guided documentation S + S + 
Modular (multiple scenarios) S S S + 
Many Dynamics Principles S S S + 
Usable in Classroom Envr. S S S + 
Human Powered S + - + 
Easily Interpreted Results  S + + S 
Easily Assembled S + S S 
Durability for Repeated Use S S + S 
Sum 0 6 0 6 
Comments: This sub-function got “different mechanisms” and “facilitating motion” confused. Additionally, the 




Function: Connect Multiple Bodies Together      
















Portable (can easily transport 9-10) S - - - - S 
Easily Accessible S S S - - S 
Non-Toxic Filament S S S + + + 
Inexpensive S - - - - S 
Easy to follow guided documentation S S S S - + 
Modular (multiple scenarios) S + + S + + 
Many Dynamics Principles S S + + + S 
Usable in Classroom Envr. S S S + + + 
Human Powered S S + S S S 
Easily Interpreted Results  S S S S S S 
Easily Assembled S + - - + + 
Durability for Repeated Use S - - S + S 
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Function: Illustrate Kinematic Properties    
                                                Concept 
Criteria 
Simulation Tick Marks for Angles, Engrave # for Length  
Portable (can easily transport 9-10) S - 
Easily Accessible S + 
Non-Toxic Filament S + 
Inexpensive S - 
Easy to follow guided documentation S S 
Modular (multiple scenarios) S + 
Many Dynamics Principles S + 
Usable in Classroom Envr. S + 
Human Powered S + 
Easily Interpreted Results  S - 
Easily Assembled S + 
Durability for Repeated Use S + 
Sum 0 5 
Comments: This matrix was evaluated with the assumption that the simulation would take the place of the 




Function: Make Transportable (weight under 5 lb.)     
                                              Concept 
 
Criteria 
Press-Fit into Peg Board C-clamp Glue Hold Down w/ Hands Tape 
Portable (can easily transport 9-10) S + + S S 
Easily Accessible S - + S + 
Non-Toxic Filament S + + S + 
Inexpensive S - - S + 
Easy to follow guided documentation S S - + + 
Modular (multiple scenarios) S S S + S 
Many Dynamics Principles S S - S S 
Usable in Classroom Envr. S S - S S 
Human Powered S S - S - 
Easily Interpreted Results  S S - S - 
Easily Assembled S + S + + 
Durability for Repeated Use S + - S S 
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Sketches for “Rigid Body Kinematics” Pugh Matrices: 
 
  
Move Link & Wheel Simultaneously Rotating Crank 
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Thru Hole + Pin Hook Joint 
 
 
Nut & Bolt Rack & Pinnion 
 




C - 14 
 








































Rigid Body Kinematics 
Function Idea 1 Idea 2 Idea 3 Idea 4 Idea 5 Idea 6 Idea 7 
Facilitate Angular 
and Linear Motion  
piston 
cylinder 
rotating crank           
Connect Multiple 
Bodies Together 
snap fit (lego)  nut and bolt  
Thru hole 
& pin  
hook joint        








          
Make 
Transportable 




      
Comments: After further conversation with Dr. Self, it was discovered we had drifted from the original goal for 
this activity. The new direction was to focus on how to create different mechanisms (4-bar, piston cylinder, etc.) 




Weighted Decision Matrix 
 
Rigid Body Kinematics 























4 3 12 5 20 4 16 4 16 
Easily Accessible 4 5 20 4 16 5 20 4 16 
Non-Toxic 
Filament 
2 5 10 5 10 5 10 5 10 
Inexpensive 4 2 8 4 16 4 16 3 12 
Easy to follow 
guided 
documentation 
3 5 15 5 15 5 15 5 15 
Modular (multiple 
scenarios) 
5 4 20 5 25 5 25 2 10 
Many Dynamics 
Principles 
1 1 1 2 2 2 2 1 1 
Usable in 
Classroom Envr. 
5 5 25 5 25 5 25 5 25 
Human Powered 5 5 25 5 25 5 25 5 25 
Easily Interpreted 
Results  
4 5 20 5 20 5 20 3 12 
Easily Assembled 3 5 15 3 9 4 12 1 3 
Durability for 
Repeated Use 
4 5 20 5 20 5 20 4 16 
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System Sketches for “Rigid Body Kinematics”: 
 
 
Large Base w/ Pin Joints 
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System Sketches for “Rigid Body Kinematics” (cont’d): 
 
 











Function: Illustrate Coordinate Frames    




Projectile Launcher for 
Desired Angle 




Portable (can easily 
transport 9-10) 
S S S S 
Easily Accessible S S S S 
Non-Toxic Filament S S S S 
Inexpensive S S S S 
Easy to follow guided 
documentation 
S - S + 
Modular (multiple 
scenarios) 
S S + - 
Many Dynamics Principles S S + - 
Usable in Classroom Envr. S S S S 
Human Powered S + S S 
Easily Interpreted Results  S - + + 
Easily Assembled S - - - 
Durability for Repeated 
Use 
S - S + 




Function: Make a Versatile Rotating Disk (could be used for other activities)  
                                         Concept 
Criteria 
Knobs Interchange w/ 
RBK 
Ball & Socket 
Joint 
Flywheel 
Peg Board w/ 
Walls 
Portable (can easily transport 9-
10) 
S S S - 
Easily Accessible S S S S 
Non-Toxic Filament S S S S 
Inexpensive S S S S 
Easy to follow guided 
documentation 
S S S S 
Modular (multiple scenarios) S + - + 
Many Dynamics Principles S S S S 
Usable in Classroom Envr. S S S S 
Human Powered S S S S 
Easily Interpreted Results  S S S S 
Easily Assembled S + - S 
Durability for Repeated Use S S S S 
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Function: Provide Constant Velocity to Objects    
                                              Concept 
Criteria 
Disk Fits into Gearbox Spring on Marble Yo-yo Disk Spin by Hand 
Portable (can easily transport 9-10) S + S S 
Easily Accessible S - - S 
Non-Toxic Filament S S S S 
Inexpensive S S S S 
Easy to follow guided documentation S S S S 
Modular (multiple scenarios) S + + S 
Many Dynamics Principles S S S + 
Usable in Classroom Envr. S S S S 
Human Powered S + + + 
Easily Interpreted Results  S - S S 
Easily Assembled S - - + 
Durability for Repeated Use S - S - 




Function: Illustrate Direction of Coriolis Effect  
                                              Concept 
Criteria 
Free-moving Marble Wall Guides/Barriers 
Portable (can easily transport 9-10) S S 
Easily Accessible S S 
Non-Toxic Filament S S 
Inexpensive S S 
Easy to follow guided documentation S + 
Modular (multiple scenarios) S + 
Many Dynamics Principles S S 
Usable in Classroom Envr. S S 
Human Powered S S 
Easily Interpreted Results  S - 
Easily Assembled S - 
Durability for Repeated Use S S 
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Markings on Disk Arrows on Peg Board and Wall 
Guides/Barriers 
  
Pop-out Arrows on Disk Ball & Socket Joint 
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Make a Versatile 
Rotating Disk 
ball and socket joint 





Spin the Disk 
spin by hand -- on a 
bearing  
yo-yo disk 
disk fits into 
gearbox  
Fidget-Spinner  
Constrain motion of 
marble 
free motion within barriers  Cutouts/slots     
 
 























Portable (can easily 
transport 9-10) 
2 3 6 3 6 2 4 3 6 
Easily Accessible 4 3 12 4 16 4 16 4 16 
Non-Toxic 
Filament 
2 5 10 5 10 5 10 5 10 
Inexpensive 4 3 12 3 12 3 12 3 12 
Easy to follow 
guided 
documentation 
4 5 20 5 20 3 12 4 16 
Modular (multiple 
scenarios) 
5 4 20 5 25 5 25 2 10 
Many Dynamics 
Principles 
1 1 1 1 1 5 5 2 2 
Usable in 
Classroom Envr. 
5 5 25 5 25 5 25 5 25 
Human Powered 5 5 25 5 25 5 25 5 25 
Easily Interpreted 
Results  
4 3 12 3 12 3 12 3 12 
Easily Assembled 2 5 10 4 8 2 4 2 4 
Durability for 
Repeated Use 
4 5 20 5 20 5 20 5 20 








C - 23 
 
System Sketches for “Coriolis Effect”: 
 
 
Yo-yo & Open/Tight Slots 
 
Hand Crank and Chute 
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System Sketches for “Coriolis Effect” (cont’d): 
 
 
Fidget Spinner Wheel 
 










Note: There was a miscommunication, and our team developed a linear impact-momentum 
activity whereas Dr. Self primarily wanted an angular impact-momentum activity. Ideas from 




Function: Measure Energy Transfer/Loss   
                                  Concept 
Criteria 
Distance Tick Marks w/ 
Stop Watch 
Rails w/ Ticks & Stop 
Watch 
Printable Grid w/ Stop 
Watch 
Portable (can easily transport 
9-10) 
S - S 
Easily Accessible S S S 
Non-Toxic Filament S S S 
Inexpensive S - S 
Easy to follow guided 
documentation 
S S S 
Modular (multiple scenarios) S S S 
Many Dynamics Principles S - S 
Usable in Classroom Envr. S S S 
Human Powered S S S 
Easily Interpreted Results  S + S 
Easily Assembled S - S 
Durability for Repeated Use S S S 
Sum 0 -3 0 




Function: Crash Moving Object into Stationary     






Slide Block into 
Cart 










Portable (can easily transport 9-10) S + + + + 
Easily Accessible S S S S + 
Non-Toxic Filament S S S S S 
Inexpensive S S S + + 
Easy to follow guided documentation S + + + + 
Modular (multiple scenarios) S - + - - 
Many Dynamics Principles S S S S S 
Usable in Classroom Envr. S - S S S 
Human Powered S S S S S 
Easily Interpreted Results  S + - - - 
Easily Assembled S S + + + 
Durability for Repeated Use S S S S S 
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Function: Crash Two Moving Objects   
                                             Concept 
Criteria 
Dual Cars + 
Hammers 
2 Cars on Ramps 2 Pendulums 
Portable (can easily transport 9-10) S + S 
Easily Accessible S S - 
Non-Toxic Filament S S S 
Inexpensive S S S 
Easy to follow guided 
documentation 
S S S 
Modular (multiple scenarios) S S S 
Many Dynamics Principles S S S 
Usable in Classroom Envr. S S S 
Human Powered S S S 
Easily Interpreted Results  S + - 
Easily Assembled S + S 
Durability for Repeated Use S + S 
Sum 0 4 -2 
Comments: Our team was under the impression that one could use observe the resting place of colliding carts (or 
marbles) to judge collisions intuitively based on weight, size, speed, etc. After further conversations with Dr. 
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Rails w/ Ticks Pendulum Hammer 
  
Slide Block into Cart Ball Sliding on Angled Ramp Hits Stationary Ball 
 
Dual Cars + Hammers 
 
2 Cars on Ramps 
 
 























different mass  
two moving 





and vertical motion 
v-slot  
half-circle 
cutout ( ) 
parallel rails | |  
U-rails with slight 





































Portable (can easily 
transport 9-10) 
4 5 20 5 20 4 16 3 12 
Easily Accessible 4 3 12 4 16 4 16 4 16 
Non-Toxic Filament 2 4 8 5 10 5 10 4 8 
Inexpensive 4 3 12 4 16 4 16 3 12 
Easy to follow 
guided 
documentation 
3 5 15 5 15 5 15 5 15 
Modular (multiple 
scenarios) 
5 2 10 5 25 4 20 5 25 
Many Dynamics 
Principles 
1 1 1 1 1 1 1 2 2 
Usable in Classroom 
Envr. 
5 4 20 4 20 5 25 5 25 
Human Powered 5 5 25 5 25 5 25 5 25 
Easily Interpreted 
Results  
4 5 20 5 20 5 20 5 20 
Easily Assembled 3 2 6 3 9 5 15 5 15 
Durability for 
Repeated Use 
4 4 16 5 20 5 20 4 16 
SUM     165   197   199   191 
Comments: After further conversations with Dr. Self, he did not recommend using carts at all and we resolved to use 3D 
printed spheres &/or marbles. 
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System Sketches for “Angular Impact-Momentum”: 
 
 
Adjustable Two-Sided Ramp 
C - 30 
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System Sketches for “Angular Impact-Momentum” (cont’d): 
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Improvised Linear Impact-Momentum Ideas for Angular Impact-Momentum: 
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Idea List (1/3) 
 
Activity Challenge Idea 
Rollers 




Adjustable mass placement 
Different infill percentages 
Compare responses 
Dip at end of board 
Gate system 
Very shallow incline 
Spools 
Mechanically show friction 
force 
 
Platform with springs 
Platform with rubber bands 
Suspend spool and hold platform to it 
Rigid Body 
Kinematics 
Facilitate angular and linear 
motion 
Move links and wheel themselves 
Rotating crank with handle 
Piston cylinder 
Gear crank system 
Connect parts to each other 
Snap fit 
Nut and bolt 
Shaft and cotter pin 
Hook joint 
Make transportable C-clamp to desk 
Tape down bodies 
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Idea List (2/3) 
 
Activity Challenge Idea 
Coriolis Illustrate coordinate frames Markings engraved on disk 
Arrows on disk 
Spinning the disk Spin wheel on a bearing by hand 
Yo-yo disk 
Hand-powered cranked gear box 
Fidget spinner wheel 
Constrain motion of marble Barriers on edge of wheel 
Chute directing marble into horizontal 
motion 
Make transportable Wheel is made up of multiple slices 
Impact 
Momentum 




Ruler on desk 
Create multiple scenarios Release marble from different elevations 
Two moving marbles collide 
Marbles with different masses 
Carts with variable mass 
Constrain horizontal and 
vertical motion 
V-slot 
Half circle cut out 
Parallel rails 
U-rails with slight overhang 
Create inelastic collisions Slider gate 
Catching box 
Double slider for two marbles 
Slider with saw-tooth gear 
Locking mechanism 
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Idea List (3/3) 
 
Activity Challenge Idea 
Mass-Pulley Suspend the pulley system Rod in-between two desks 
Clamp peg board to side of desk 
3D printed stand 
Hook over door 
Connect pulleys and masses String 
Unprinted filament 
Rope 
Belt out of paper 
Illustrate relative motion Hanging ruler behind pulleys 
Tick marks on pulleys to see angles 
Marked string 
 
APPENDIX D: Design Hazard Checklist 
Team: F-21: 3D Printed Hands on Dynamics Activities 
Faculty Advisor: Professor Noori 
 























APPENDIX D: Design Hazard Checklist 










The material that the parts will be printed in 
emit fumes and are comprised of substances that 
if found in the body, can pose health threats. 
Even though it would take large quantities of 
filament to be ingested or respirated to be lethal, 
it is still a measure that needs to be addressed. 
3/1/21 3/1/21 
Solution:  Put a warning inside of the manufacturing plan. 
Using System in Unsafe 
Manner/ Choking on parts 
 
 
Like any system, users can either purposely or 
accidentally abuse a system that can lead to 
harm. Choking hazards for parts that are small 
enough to fit in the mouth are something to 
consider but will most likely not need to be 
addressed due to the maturity level of the 
students that will be using them. We plan to put 
choking labels on each of these small parts to 
correct this improbable misfortune.  
3/1/21  
Solution: Warn users about the potential choking hazards. Put inside 
the operators manual 
Overhanging Weights 
We will have weights that hang off the side of a 
desk, but the weights will not be suspended by 
more than 4 feet off the ground and will not be 
more than 1 pound in weight. We will ensure 
that these weights are properly secured so that 
even if they did fall, they would not be liable to 
hurt anyone. 
3/1/21  
Solution: Warn users about possible injury associated with hanging 
masses. Ensure weights are not in precarious positions. Inform users 
about this potential hazard in the operators manual 
 
Appendix E: Design for Manufacturing Assembly
Subsystem Component
Purchase (P)
Modify from Purchase (MP) 
Made from Raw Material 
(RM)
Raw Materials Needed 
to make/modify the 




Equipment and Operations 
anticipate using to make the 
component
Key limitations of this 
operation places on any 
parts made from it
Hollow Cylinder RM PLA
3D Print Filament 
Supplier
3D Printed
Print horizontal to avoid 
supports
Solid Cylinder RM PLA
3D Print Filament 
Supplier
3D Printed
Print horizontal to avoid 
supports
Varying Infill % 
Cylinder
RM PLA
3D Print Filament 
Supplier
3D Printed
Print horizontal to avoid 
supports and specify infill % 
and pattern







Modify from Purchase (MP) 
Made from Raw Material 
(RM)
Raw Materials Needed 
to make/modify the 




Equipment and Operations 
anticipate using to make the 
component
Key limitations of this 
operation places on any 
parts made from it
Spool RM PLA
3D Print Filament 
Supplier
3D Printed
1) Amount of supporting 
material needed when printed
2) May be difficult to remove 
support from string tie
Removable Shaft RM PLA
3D Print Filament 
Supplier
3D Printed
1) Print vertical to avoid 
supports
2) Tolerance may be too 
loose and allow shaft to slide 
out of spool
String / Ribbon P -- Purchase at any retail store -- --
Rollers RM PLA
3D Print Filament 
Supplier
3D Printed
1) Weak knobs could break 
off
2) Print vertical to maintain 
concentricity
Rail RM PLA
3D Print Filament 
Supplier
3D Printed
1) Print horizontal to avoid 
supports
Base RM PLA
3D Print Filament 
Supplier
3D Printed
1) May be difficult to remove 
support from holes
2) Width needs to account 
for printing tolerances to 
make sure rollers can reliably 
fit
3) Print horizontal to avoid 
supports
Pegboard RM / P PLA
3D Print Filament 
Supplier/part already 
provided by sponsor
3D Printed / None
1) Size of printing bed. 
Standardize to 8" x 8"







Modify from Purchase (MP) 
Made from Raw Material (RM)
Raw Materials Needed to 
make/modify the part (for 
MP and RM only)
Where/how procured?
Equipment and Operations 
anticipate using to make the 
component
Key limitations of this operation 
places on any parts made from it
bottom_slider RM PLA Any filament supplier 3D Printed
Consider tolerances, minimize overhang 
and support generation
top_slider RM PLA Any filament supplier 3D Printed
Consider tolerances, minimize overhang 
and support generation
center_pin RM PLA Any filament supplier 3D Printed
Consider tolerances, Extrude in direction 
to provide smooth surface
bottom_crank RM PLA Any filament supplier 3D Printed
Consider tolerances, minimize overhang 
and support generation
top_crank RM PLA Any filament supplier 3D Printed
Consider tolerances, minimize overhang 
and support generation
crank_pin RM PLA Any filament supplier 3D Printed
Consider tolerances, Extrude in direction 
to provide smooth surface
male_links RM PLA Any filament supplier 3D Printed
Consider tolerances, make sure that snap 
fits are secure and wont come loose
female_links RM PLA Any filament supplier 3D Printed
Consider tolerances, make sure that snap 
fits are secure and wont come loose
PEGBOARD base P - Home Depot Purchase -
Use the standardized nominal hole 








Modify from Purchase (MP) 
Made from Raw Material 
(RM)
Raw Materials Needed to 
make/modify the part (for 
MP and RM only)
Where/how procured?
Equipment and Operations 
anticipate using to make the 
component
Key limitations of this 
operation places on any 
parts made from it
Upper Ramp RM PLA
3D Print Filament 
Supplier
3D Printed
1) T-legs make it difficult to 
print the part &/or print with 
little support
Lower Ramp RM PLA




3D Print Filament 
Supplier
3D Printed
1) Print horizontally so no 
support is needed
Axle RM PLA
3D Print Filament 
Supplier
3D Printed
1) Print vertically to reduce 
support and maintain 
concentricity
Pendulum RM PLA
3D Print Filament 
Supplier
3D Printed
1) Print part laying down 
(handle to the side) to reduce 
support
Ball Ball RM / P PLA / Glass
3D Print Filament 
Supplier / Retail store
3D Printed / None








Modify from Purchase (MP) 
Made from Raw Material (RM)
Raw Materials Needed to 
make/modify the part (for 
MP and RM only)
Where/how procured?
Equipment and Operations 
anticipate using to make the 
component
Key limitations of this operation 
places on any parts made from 
it
3 x Wheel corners RM PLA Any filament supplier 3D Printed
Size of printing bed is 8" x 8". 
Reduce small external parts.
Corner w/ mount RM PLA Any filament supplier 3D Printed
Size of printing bed is 8" x 8". 
Reduce small external parts.
Center plate RM PLA Any filament supplier 3D Printed -
Inside chute RM PLA Any filament supplier 3D Printed Need a smooth inside (limit support)
Outside chute RM PLA Any filament supplier 3D Printed
Need a smooth inside (limit support). 
Print at 45 degrees or less
Marble P - Purchase at store or online -
System sized for 0.5" diameter 
marbles
Top piece RM PLA Any filament supplier 3D Printed Sliding surface must be smooth








Modify from Purchase (MP) 
Made from Raw Material 
(RM)
Raw Materials Needed 
to make/modify the 




Equipment and Operations 
anticipate using to make the 
component
Key limitations of this 
operation places on any 
parts made from it
Pulley RM PLA
3D Print Filament 
Supplier
3D Printed
Amount of supporting 
material needed when printed
Pegboard RM/P PLA




Size of printer bed 
(standardized to fit 8"x8")
String P -- Purchase at any retail store -- --
Center Shaft RM PLA
3D Print Filament 
Supplier
3D Printed
Print vertical to avoid 
supports
Desk C-Clamps RM PLA
3D Print Filament 
Supplier
3D Printed
Print horizontal to avoid 
supports
Mass Cups RM PLA
3D Print Filament 
Supplier
3D Printed
Print vertical to maintain 
concentricity
Masses P --
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Appendix F: Manufacturing Guidelines 
 
Warnings 
1. Exposure to large amounts of filament fumes and/or consumption of filament is toxic. 
2. Small parts may be easily swallowed. Keep away from small children. 
3. All times and costs are approximations. 
 
Recommend 3D Printer Settings: 
 
Infill %: 10-20 % 
Infill Pattern: any 
Number of Outer Walls: 3 layers 
Support Pattern: straight lines (rectangular) 
Support Pattern Spacing (x/y): 0.8 mm 
Support Spacing (z-axis): 1 layer 
Layer Height: 0.2 mm 
Travel Speed: 150-175 mm/sec 





Number of Parts: 5 
Printing Time: 23.7 hrs. 
Total Cost: $6.53 
 
.STL File Printing Orientation Additional Comments 
Large_Cylinder 
Standing on one side (not the 
rounded middle) 
 



































Print 2 times 
 
 





Print 2 times 
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Rigid Body Kinematics 
 





Print at 100% Infill 
4in Link 
 












































Number of Parts: 11 (2 not 3D printed) 
Printing Time: 15.5 hrs. 
Printing Cost: $5.15 
Total Cost: $19.49* 
 
Extra Parts: 
1. Bearing Ball (x1) 
a. Amazon ($8.35): (25 Pieces) PGN - 1/2" Inch (0.5") Precision Chrome Steel 
Bearing Balls G25 
2. Marble (x1) 
a. Amazon ($5.99): 1/2-in (x30, Blocks & Marbles) 
 
*Note: Only one bearing ball and one marble is needed per activity set. 
 



















Print at 10% infill 
Pendulum_Basket 
 
Print at 100% infill 
Pendulum_Wall 
 




























Total number of parts: 9 
Approximate printing time: 46 hrs. 
 

































































Print 2 times 
C-Clamp Bolts 
 
Print 2 times 





Print 2 times 
Pegboard 
 
Print with Letters 
Upright 





Print 12 times 









Print 2 times 














Appendix G: Indented Bill of Materials
Assembly Part 
Level Number Description Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 100000 Final Assy
1 110000 Large Cylinder 1 2.45 custom 3D printed
1 120000 Large Pipe 1 2.5 custom 3D printed
1 130000 Small Pipe 1 0.63 custom 3D printed
1 140000 Short Small Pipe 1 0.33 custom 3D printed
1 150000 Small Cylinder 1 0.63 custom 3D printed
5 6.54





Level Number Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 200000
1 210000
2 211000 1 3.38 custom 3D printed
2 212000 1 0.55 custom 3D printed
2 213000 1 0.021 2.98 Home Depot Model #70077
1 220000
2 221000 2 1.40 custom 3D printed
2 222000 2 0.70 custom 3D printed
2 223000 Rails 2 0.70 custom 3D printed
2 224000 5 1.95 custom 3D printed
2 225000 Pegboard 1 2.50 custom 3D printed
2 226000 1 0.0049 0.49 Target















3D Dynamics: Spool Activity
Indented Bill of Material (iBOM)
G - 2
Assembly Part 
Level Number Description Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 300000 Final Assy
1 310000 Input Assm.
2 311000 Bottom Half 1 1.03 custom 3D printed
2 312000 Top Half 1 0.95 custom 3D printed
2 313000 Crank 1 0.23 custom 3D printed
2 314000 Handle 1 0.45 custom 3D printed
1 320000 Output Assm. 
2 321000 Bottom Half 1 1.53 custom 3D printed
2 322000 Top Half 1 1.48 custom 3D printed
2 323000 Slider Pin 1 0.20 custom 3D printed
1 330000 Linkage Arms
2 331000 Male Linkage 3 1.20 custom 3D printed
2 332000 Female Linkage 3 1.20 custom 3D printed
1 225000 Pegboard 1 2.50 custom 3D printed
14
3D Dynamics: Rigid Body Kinematics




Level Number Description Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 400000 Final Assy
1 410000 Ramp Assembly
2 411000 Ramp 1 2.80 custom 3D printed
2 411100 Leg 1 0.55 custom 3D printed
1 420000 Pendulum & Base Support Assembly
2 421000 Pendulum Assembly
3 421100 Arm 1 0.13 custom 3D printed
3 421200 Basket 1 0.35 custom 3D printed
3 421300 Wall 1 0.08 custom 3D printed
2 422000 Support (Default) 1 0.35 custom 3D printed
2 423000 Support (Angle Gage) 1 0.70 custom 3D printed
2 424000 Axle 1 0.20 custom 3D printed
1 430000 Starter 1 0.10 custom 3D printed
1 440000 Bearing Ball 1 8.35 8.35 Amazon
(25 Pieces) PGN - 1/2" Inch (0.5") 
Precision Chrome Steel Bearing 
Balls G25
1 450000 Marble 1 5.99 5.99 Amazon 1/2-in (x30, Blocks & Marbles)
Total Parts 11 19.59
3D Dynamics: Angular-Impact Momentum
Indented Bill of Material (iBOM)
G - 4
Assembly Part 
Level Number Description Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 500000 Final Assy
1 510000 Base
2 511000 Quarter Base 3 6.15 custom 3D printed
2 512000 Quarter Base w/ Hex Hole 1 2.00 custom 3D printed
1 520000 Bearing
2 521000 Bearing Bottom 2 1.40 custom 3D printed
2 522000 Bearing Top 1 1.18 custom 3D printed
1 530000 Chutes and Cover
2 531000 Outer Chute 1 0.70 custom 3D printed
2 532000 Inner Chute 1 0.88 custom 3D printed
2 533000 Center Cover 1 0.60 custom 3D printed
1 430000 Marble 1 5.99 5.99 Amazon








Level Number Qty Cost Ttl Cost Source More Info
Lvl0 Lvl1 Lvl2 Lvl3 Lvl4
0 600000
1 610000
2 611000 2 0.18 custom 3D printed
2 612000 Pulley Attachment Shaft 2 0.05 custom 3D printed
2 213000 1 0.021 2.98 Home Depot Model #70077
2 613000 Pulley Bolt 2 0.05 custom 3D printed
2 614000 Pulley Nut 2 0.05 custom 3D printed
2 615000 Pulley Conical Spacer 2 0.05 custom 3D printed
1 620000
2 621000 2 1.00 custom 3D printed
2 622000 2 0.05 custom 3D printed
2 624000 C-Clamp Insert 2 0.05 custom 3D printed
2 623000 Cups for Weights 2 1.9 custom 3D printed
2 625000 Dual Mass Cup Catcher 1 1.5 custom 3D printed
2 626000 Mass Unit Coins 12 1.7 custom 3D printed










3D Dynamics: Mass-Pulley Activity
Indented Bill of Material (iBOM)
G - 6








 2.50  2.00 
 5.50 
Note
    1. All dimensions in centimeters
Large Pipe Large Cylinder Small Cylinder
Small Pipe Short Small Pipe
Dwg. #: 100000Date: 5/27/21
Drwn. By: Dakota BakerTitle: Rollers
Scale: 1=2
Cal Poly Mechanical Engineering
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Long Sides of Platform
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Cal Poly Mechanical Engineering
Spool Components Junnior Rodriguez
2/10/21 Varies 200000







ITEM NO. PART NUMBER QTY.
1 Long Sides of Platform 2
2 Side Base of Platform 2
3 Platform Rollers 5
4 Rails 2
5 Spool Center Shaft 1
6 Simple Spool 1






Cal Poly Mechanical Engineering
Spool Assembly Junnior Rodriguez
2/10/21 1:4 200000
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Cal Poly Mechanical Engineering
Labeled 7x7 Pegboard Junnior Rodriguez
2250001:22/10/21
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DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
ANGULAR: MACH      BEND 
TWO PLACE DECIMAL    
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DIMENSIONS ARE IN INCHES
TOLERANCES:
FRACTIONAL
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    1. All dimensions in inches
Dwg. #: 400001Date: 5/27/21
Drwn. By: Dakota BakerTitle: Ramp Leg
Scale: 1=1
Cal Poly Mechanical Engineering


























    1. All dimensions in inches
Dwg. #: 400002Date: 5/27/21
Drwn. By: Dakota BakerTitle: Ramp Main
Scale: 1:1.5
Cal Poly Mechanical Engineering






























    1. All dimensions in inches
Dwg. #: 400003Date: 5/27/21
Drwn. By: Dakota BakerTitle: Support (Angle)
Scale: 1=1
Cal Poly Mechanical Engineering




















    1. All dimensions in inches
Dwg. #: 400004Date: 5/27/21
Drwn. By: Dakota BakerTitle: Support (Default)
Scale: 1.5=1
Cal Poly Mechanical Engineering
SOLIDWORKS Educational Product. For Instructional Use Only.
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    1. All dimensions in inches
Dwg. #: 400005Date: 5/27/21
Drwn. By: Dakota BakerTitle: Axle
Scale: 3=1
Cal Poly Mechanical Engineering
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SCALE 1 : 1
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 .55  .06  .15 
Pendulum Basket
Pendulum(Basket) Assembly - Scale 1=1.5
Note
    1. All dimensions in inches
Pendulum Arm
PendulumWall
Dwg. #: 400006Date: 5/27/21
Drwn. By: Dakota BakerTitle: Pendulum
Scale: 1=1
Cal Poly Mechanical Engineering




 4x R.02 
Note
    1. All dimensions in inches
Dwg. #: 400007Date: 6/2/21
Drwn. By: Dakota BakerTitle: Starter
Scale: 2=1
Cal Poly Mechanical Engineering















8 Balls Dwg. #: 400008Date: 6/2/21
Drwn. By: Dakota BakerTitle: AIM Assembly
Scale: 1=2
Cal Poly Mechanical Engineering
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Drwn. By: Andrew Meyenberg
Dwg. #: 500001
Title: Coriolis Exploded Assembly
Scale: 1=4
Cal Poly Mechanical Engineering
SOLIDWORKS Educational Product. For Instructional Use Only.
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Note
    1. All dimensions in inches
Date: 6/1/21
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SOLIDWORKS Educational Product. For Instructional Use Only.
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    1. All dimensions in inches
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SOLIDWORKS Educational Product. For Instructional Use Only.
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    1. All dimensions in inches
Date:6/1//21
Drwn. By: Andrew Meyenberg
Dwg. #: 532000 
Title: Center Chute
Scale: 1=2
Cal Poly Mechanical Engineering
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Note
    1. All dimensions in inches
Date: 6/1/21
Drwn. By: Andrew Meyenberg
Dwg. #: 531000 
Title: Outer Chute
Scale: 1=2
Cal Poly Mechanical Engineering
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    1. All dimensions in inches
Date: 6/1/21
Drwn. By: Andrew Meyenberg
Dwg. #: 512000Scale: 1=2
Cal Poly Mechanical Engineering
Title: Quarter Base w/ Hex Hole
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Mass-Pulley Components Junnior Rodriguez
600000Varies6/01/21
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Cal Poly Mechanical Engineering
Mass-Pulley Components Junnior Rodriguez
6000001:16/01/21










ITEM NO. PART NUMBER QTY.
1 C-Clamp Bolt 2
2 INSERT C-Clamp 2
3 String 2
4 Cups for Weights 4
5 LABELED 7x7 Peg Board 1
6 Pulley Attachment Shaft 2
7 Pulley Conical Spacer 2
8 Pulley 2
9 Pulley NUT 2






Cal Poly Mechanical Engineering
Mass-Pulley Assembly Junnior Rodriguez
6000001:26/01/21
SOLIDWORKS Educational Product. For Instructional Use Only.
Appendix I: Design Verification Plan Report
Project: Description: Sponsor: Edit Date: 21-May-21
Start date Finish date
Rollers Sys 3/1/21 5/1/2021
Spool Sys 3/1/21 5/1/2021
RBK Sys 3/1/21 5/2/2021
AIM Sys 3/1/21 5/1/2021
Coriolis Sys 3/1/21 5/1/2021
Mass-Pulley Sys 3/1/21 5/1/2021
Rollers Sys Junnior 3/1/21 5/7/2021
Spool Sys Junnior 3/1/21 5/4/2021
RBK Sys Jacob 3/1/21 5/2/2021
AIM Sys Andrew 3/1/21 4/21/2021
Coriolis Sys Andrew 3/1/21 4/21/2021
Mass-Pulley Sys Junnior 3/1/21 5/4/2021
Rollers Sys 3/1/21 n/a n/a
Spool Sys 3/1/21 n/a n/a
RBK Sys 3/1/21
AIM Sys Dakota 3/1/21 5/21/21 Pass
μ = 2 min. 40 sec. +/- 1 min. 4 
sec. at 95% confidence
Coriolis Sys 3/1/21





Dr. Brian Self3D printed activities to teach difficult dynamics concepts
Jacob
Test Description
Does the activity weigh less than 3 
lbs.? Test at least 1 3D printer to 
see if physical scale matches 
splicing software.
Activity










Paper, pencils, and 
ruler
Pass/Fail
5 Modularity ± 2 min.
Can 9-10 sets of the activity be 
easily transported?
Can the activity be setup in less 
than 3 minutes?
Can the activity be dropped from 4 
ft. (roughly desk height) at least 3 
times?
3 Durability
Slicing software's weight 
approximation is accurate 











Activity weighs as 
intended
Performed test with Pendulum, 
Axle, & Snap Ring from AIM 
activity. Printing time did not 
vary drastically using our 
standardized settings or 
settings prefered by Innovation 
Sandbox. Both M60 & IS 
printers could achieve 
functionable quality when 
printing bed was properly 
leveled & had proper 
adhesion. Only recommend 
infill % & give approximate 
printing time for Manufacturing 
Plan.
2 All activities Sys Dakota 3/1/21 4/13/2021
Conditional Pass; 
Design changes may 
increase or descrease 
printing time for each 
activity.
Mustang 60 & 
Innovation Sandbox
Does the activity take less than 30 
hours to print? Is the Cura printing 
time estimate accurate? Test at 
least 2 different 3D printer.
Manufacturability
Pass; all activities fit 
within the allowed volume 
proving that they can be 
carried in two 1' by 1' 
boxes
This testing will be used to 
help choose a carry case or 
box to reccomend to Dr. Self.
All components and 
assembly testing of the 
durability drop test 
passed the creiteria layed 
out in the testing 
procedure document
Components were dropped on 
a hard, lanoleum floor 
resemblant of conditions 
components would experience 
having been dropped in a 
classroom environment. No 
visual damage was seen being 
associated with any of the 
component testing phases so 
as to render the particular 




F21 (3D Dynamics) - Test Procedure  
Test Name: Weight a Minute 
 
Purpose: Can all the components of each printed activity be light enough to be carried safely to-from 
and in the classroom?  
 
Scope: We need to ensure that all the components of an activity are light enough to be carried prior to 
performing the activity. Where all the parts for a selected activity need to printed to make sure they 
weighs less than 3 pounds altogether. We will test at least one 3D printer to confirm that the splicing 
software weight approximation matches the weight on a scale by physically measuring it. Does the 
entire printed assembly of each activity weigh less than 3 pounds? 
 
Equipment:   
• 3D printer owned by a team member 
• 3D printer’s slicer software 
• Weight scale from Mustang ‘60  
 
Hazards: Careful not to drop any of the parts to help prevent any type of damage(s). In response to any 
injuries, please notify shop technician for First Aid kit and or additional help.  
 
PPE Requirements: Safety glasses once inside Mustang ’60 and mask up please 
 
Facility:   
• Print activity at team members 3D printer’s location 
• Go to Mustang ’60 and weigh activity 
 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1) Use printing specifications for PLA at 15% infill, printed at 0.2mm layer height with 3 outer walls  
2) Using the 3D printer’s slicing software, load all the components that need to be printed for            
a selected activity  
a. Note the weight and take the summation of each component’s weight 
2)   Print all parts for the selected activity 
3)   When entire activity is printed, make reservations at Mustang ’60 and weight the activity 
a. Record the weight of entire activity 
 
Results: The Pass/Fail Criteria will be based upon whether the activity weighs less than 3 pounds as 
confirmed by the weight scale. Eventually, a single sample of each activity is needed for weight testing. 
  
Activity Weight [g] Pass/Fail Comments 
Rollers -------- TBD -------- 
Spool 403 g Pass 0.89 lbs < 3 lbs 
RBK -------- TBD -------- 
AIM -------- TBD -------- 
Coriolis -------- TBD -------- 
Mass-Pulley 375 g Pass 0.83 lbs < 3 lbs 
 
Test Date(s): April 8th – May 3rd  
Test Results: Weight < 3 pounds (Pass/Fail) 
Performed By: Junnior Rodriguez 
F21 (3D Dynamics) – Test Procedure 
 
Test Name: Manufacturability 
 
Purpose: Can the activities be printed in a timely manner with a good quality? 
 
Scope: Print the activity on at least two different 3D printers to make sure it takes less than 30 hours to 
print, or at least confirm that the Cura estimated printing times are accurate. The first printer will be 
owned by a member of the team and the second printer will be from Mustang ’60 or the Innovation 
Sandbox at Cal Poly. 
 
Equipment: 
• 3D printer owned by team member 
• 3D printer at Innovation Sandbox &/or Mustang ‘60 
 
Hazards: 
• 3D printing bed and nozzle can be hot 
o If burned, cool area with a cool wet rag 
 
PPE Requirements: N/A 
 
Facility: 
• Email files to the Innovation Sandbox 
OR 
• Print in Mustang ‘60 
 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1) Prepare 3D printer for printing 
a. Enter standard printing settings 
b. Make sure printer is properly calibrated 
2) Start printing and record starting time 
3) When printing finishes, record ending time  
Test Date(s): April 5th – April 14th  
 
Test Results: Time < 30 hours (Pass/Fail) OR confirm Cura estimated printing times are accurate; & 
quality of print is functionable & subjectively nice to look at 
 






Note: Exact printing times were difficult to acquire but Manufacturing Plan settings and Innovation 
Sandbox settings were both around 2.67 hrs. Thus, negligible difference.  
 
Andrew’s Printer 
• Manufacturing Plan settings 
• Basket & wall fit together 
• Pendulum arm and snap ring fit smoothly on axle 






















Mustang 60  
  
Trial 1:  
• Manufacturing Plan settings, unleveled printing bed  
• Lots of warpage on pendulum basket & pendulum wall holes  
• Axle support around snap ring slot difficult to remove  



















Trial 2:  
• Manufacturing Plan settings, leveled printing bed  
• Only pendulum printed  























Innovation Sandbox  
  
Trial 1:  
• Manufacturing Plan settings  
• Great surface finish  
• Axle failed at tip  
• Pendulum basket and wall fit perfectly together  























Trial 2:  
• Innovation Sandbox settings  
• No pendulum wall printed by accident  
• Surface finish same as Mustang 60 Trial 2, but worse on pendulum arm  







Manufacturing Test Conclusion  
  
• Manufacturing Plan settings nor Innovation Sandbox preferred settings better than each 
other 
o Ex: Mustang 60 Trial 2 pendulum arm much better than Innovation Sandbox 
Trial 2 pendulum arm  
o Ex: Innovation Sandbox Trial 2 pendulum basket better than Mustang 60 Trial 2 
pendulum basket  
o Thus, don't need to recommend standardized settings. Perhaps just give 
approximate printing time and required % infill (For example, pendulum 
basket at 10% and 100% infill)  
o Note: Printing times were difficult to acquire from all three printing sources, but 
in general, Cura estimated printing times within around 10 minutes and each 
printer took about the same amount of time. 
• Having a better printer got better results, in general  
o Ex: Innovation Sandbox Trial 1 better than Mustang 60 Trial 2  
o Ex: I.S. Trial 2 knobs on pendulum basket better than M60 Trial 2 knobs  
• Pass/Fail for activities printing < 30 hrs. depends on the final design. Printing times can be 
decreased by printing multiple parts at the same time (decreases setup time for printer. 
 
Test Procedure Template 
DURABILITY 
Team F21  - 3D Printed Dynamics 
 
Test Name: 
 This is a durability test that has to test for lifetime durability and cyclic breakdown of our 
activities over a duration of student and professor operated abuse from continuous wear and tear. 
Purpose:  (This is the purpose of the test) 
 To find out how durable each of our proposed activities are, as well as to gather a general 
timeframe that each printed activity will be functional within throughout continual wear 
Scope: (Defines what feature or function the test is for) 
 The test should consider drop tests of parts that are both clamped together as well as snapping 
of links and joints from excessive user force or other external loads that may act on these joints. 
Durability associated with abrasive wear will be considered minimal in the grand scheme of things as 
well as the other possible reasons for lifetime fatigue associated with plastic and 3d printed parts 
Equipment:  (List of equipment necessary) 
 No equipment is needed to test durability aside from an elevated desk surface that parts can be 
dropped from, and a human operator willing to perform the tests, and the parts themselves. Other 
durability that will be monitored will have to be gauged over time by analyzing the breakdown of 
activities at the part level when applied in a class setting with students that are working on them. 
Hazards: (list hazards associated with the test) 
 Hazards that could arise from testing durability are as follows: 
• Sharp particles of PLA or ABS that may break off in pointy shards that may cut or injure 
operator. 
• Particle inhalation may possibly be something that the operator may need to be 
conscientious of. 
• Particle consumption may cause health related repercussions if consumed in copious 
amounts 
• Dropping parts or activities that consist of weighs on operator may result in injury 
 
PPE Requirements: (e.g. safety goggles, respirators) 
 Durability testing with 3D printed parts and activities are foreshadowed to be fairly innocuous 
and will be classified as not needing to have safety equipment present to perform these tests. If user 
wants to be extra cautious, goggles or protective eye wear may be worn to ensure that if PLA does break 
off links or parts from testing, that these parts do not end up flying into the human eye. 
Facility:  (Where the test should occur) 
 On campus, preferably in a classroom setting where the activities will most likely be used 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
 DROP TEST:  
1. Find safe space to drop activities from height of standard classroom desk. 
2. Proceed to drop activity onto hard porcelain floor. 
3. Analyze the resulting effect that this drop test has and record the results. 
FORCE TEST: 
1. Put on protective eye gear if user deems necessary. 
2. Locate the points of contact on respective activity that have small surface areas 
associated with potentially large loads. 
3. Start testing pinpoint force load applications to these joints by using human 
force that is subjectively gauged to be “considerably” more than that of the 
force that will be instructed to use by the professor to the student operator for 
the respective activities. 
4. Record the results of the tests, making sure to not the effects of the force loads 
(snapping, warping, bending, breaking, ect….)  
Results:  Pass Criteria, Fail Criteria, Number of samples to test 
 DROP TEST: 
- The pass/fail criteria will be based upon whether the activity is functionally 
damaged based on the drop test to the point where if the student were to 
reassemble the respective activity on the desk, that the activity would still be able to 
perform and demonstrate the learning material that it was intended to 
demonstrate. 
FORCE TEST: 
- The pass/fail criteria will be based upon whether specific parts that the force loads 
have been identified to have and thus tested upon, either break or structurally 
deform in anyway. 
Test Date(s): 
 3/10/21 – 4/30/21  
Test Results: 
1. Individual RBK components were dropped from a height of the standard classroom desk top 
onto a hardwood floor. Once all components were dropped individually from this height, 
the entirely assembled activity within the boundaries of the pegboard was then dropped 
from this height as well. The results for the tests can be seen in the  following images: 
             TEST COMPONENT 1 (SLIDER HUB)                                          TEST COMPONENT 2 (LINKS) 
               TEST COMPONENT 3 (PIN HUB)                                                   TEST ASSEMBLED ACTIVITY 
RESULTING CONDITION (POST-TEST) 
Results: PASSED 
 
Date: Performed:  04.22.2021 
 
Note:  
 The drop test performed on the components appeared to have no damaging effects resulting on 
the components to the point where they can no longer be used as a functional piece within the RBK 
activity. Analysis suggests that 3D components are very resilient and tough when it comes to forces 
exerted on the part. Stress concentrations about the male ends and female joint connections from link 
to link pose the biggest threat to breakage when activity is dropped from the height of a desk, but 
should be considered irrelevant seeing to it that each activity will have multiple links just in case of 
issues such as these. 
 
performed By:             Jacob Lindberg 
  
F21 (3D Dynamics) -Test Procedure 
Test Name: Portability Test – Spool Activity 
 
Purpose:  To ensure the activities can be easily transported. 
 
Scope:  Professors need to be able to transport activities from classroom to classroom. They must be 
able to this in a simple manner using only a few containers that are easy to transport. This test is 
designed to gauge how easily each activity can be stored in a container by measuring the volume an 
activity might take up. 
 




PPE Requirements:  N/A 
 
Facility:  Does not matter. 
 
Procedure:  
1) A box of 1 ft x 1 ft will be drawn on two connected sheets of paper to represent a 
transportation device a professor might use. 
2) An activity will then be place in a manner that takes up the least volume. 
3) A square box will be drawn around the parts and its dimensions measured. 
4) The height of the placed parts will be recorded using a ruler. 
5) The maximum volume will then be calculated by multiplying the box’s length and width by 
the height measured.  
. 
Results:  Pass/Fail Criteria for volume (Volume < 0.2 ft2 ; 2 ft2 of storage for 10 activities) 





     
 
Test Date(s): 5/4/21-5/5/21 
Test Results: Pass 
Performed By: Junnior Rodriguez 
  
F21 (3D Dynamics) -Test Procedure 
Test Name: Portability Test - RBK 
 
Purpose:  To ensure the activities can be easily transported. 
 
Scope:  Professors need to be able to transport activities from classroom to classroom. They must be 
able to this in a simple manner using only a few containers that are easy to transport. This test is 
designed to gauge how easily each activity can be stored in a container by measuring the volume an 
activity might take up. 
 




PPE Requirements:  N/A 
 
Facility:  Does not matter. 
 
Procedure:  
1) A box of 1 ft x 1 ft will be drawn on two connected sheets of paper to represent a 
transportation device a professor might use. 
2) An activity will then be place in a manner that takes up the least volume. 
3) A square box will be drawn around the parts and its dimensions measured. 
4) The height of the placed parts will be recorded using a ruler. 
5) The maximum volume will then be calculated by multiplying the box’s length and width by 
the height measured.  
. 




Test Date(s): 5/2/21-5/3/21 
Test Results: Pass 
Performed By: Jacob Lindberg 
  
F21 (3D Dynamics) -Test Procedure 
Test Name: Portability Test-AIM 
 
Purpose:  To ensure the activities can be easily transported. 
 
Scope:  Professors need to be able to transport activities from classroom to classroom. They must be 
able to this in a simple manner using only a few containers that are easy to transport. This test is 
designed to gauge how easily each activity can be stored in a container by measuring the volume an 
activity might take up. 
 




PPE Requirements:  N/A 
 
Facility:  Does not matter. 
 
Procedure:  
1) A box of 11” x 11” box will be drawn on two connected sheets of paper to represent a 
transportation device a professor might use. 
2) An activity will then be place in a manner that takes up the least volume. 
3) A square box will be drawn around the parts and its dimensions measured. 
4) The height of the placed parts will be recorded using a ruler. 
5) The maximum volume will then be calculated by multiplying the box’s length and width by 
the height measured.  
. 
Results:  Pass/Fail Criteria for volume (Volume < 0.2 ft3; 2 ft3 of storage for 10 activities) 
  
Volume = 6” x 11” x 2” = 132 in3 = 0.076 ft3  
  
   
Test Date(s): 4/21/2021 
Test Results: Pass   
Performed By: Andrew Meyenberg 
  
F21 (3D Dynamics) -Test Procedure 
Test Name: Portability Test-Coriolis 
 
Purpose:  To ensure the activities can be easily transported. 
 
Scope:  Professors need to be able to transport activities from classroom to classroom. They must be 
able to this in a simple manner using only a few containers that are easy to transport. This test is 
designed to gauge how easily each activity can be stored in a container by measuring the volume an 
activity might take up. 
 




PPE Requirements:  N/A 
 
Facility:  Does not matter. 
 
Procedure:  
1) A box of 11” x 11” box will be drawn on two connected sheets of paper to represent a 
transportation device a professor might use. 
2) An activity will then be place in a manner that takes up the least volume. 
3) A square box will be drawn around the parts and its dimensions measured. 
4) The height of the placed parts will be recorded using a ruler. 
5) The maximum volume will then be calculated by multiplying the box’s length and width by 
the height measured.  
. 
Results:  Pass/Fail Criteria for volume (Volume < 0.2 ft3; 2 ft3 of storage for 10 activities) 
 
Volume = 9” x 11” x 2” = 198 in3 = 0.11 ft3  
  
   
 
Test Date(s): 4/21/2021 
Test Results: Pass   
Performed By: Andrew Meyenberg 
  
F21 (3D Dynamics) -Test Procedure 
Test Name: Portability Test – Mass Pulley Activity 
 
Purpose:  To ensure the activities can be easily transported. 
 
Scope:  Professors need to be able to transport activities from classroom to classroom. They must be 
able to this in a simple manner using only a few containers that are easy to transport. This test is 
designed to gauge how easily each activity can be stored in a container by measuring the volume an 
activity might take up. 
 




PPE Requirements:  N/A 
 
Facility:  Does not matter. 
 
Procedure:  
1) A box of 1 ft x 1 ft will be drawn on two connected sheets of paper to represent a 
transportation device a professor might use. 
2) An activity will then be place in a manner that takes up the least volume. 
3) A square box will be drawn around the parts and its dimensions measured. 
4) The height of the placed parts will be recorded using a ruler. 
5) The maximum volume will then be calculated by multiplying the box’s length and width by 
the height measured.  
. 
Results:  Pass/Fail Criteria for volume (Volume < 0.2 ft2 ; 2 ft2 of storage for 10 activities) 





         
 
Test Date(s): 5/4/21-5/5/21 
Test Results: Pass 
Performed By: Junnior Rodriguez 
F21 (3D Dynamics) – Test Procedure 
 
Test Name: Modularity 
 
Purpose:  The purpose of this test is to assemble each activity within 3 minutes +/- 2 min.  
 





o 3D printed parts 
o Ramp 
• Spool 




o 3D printed parts 
o Pegboard 
• AIM 
o 3D printed parts 
o Marble 
• Coriolis 
o 3D printed parts 
o Marble 
• Mass-Pulley 
o 3D printed parts 
o String 
• Reference iBOM for a specific list of materials for each activity 
 
Hazards:  
• Crushing: something falls off the workspace 
• Choking: swallowing small parts 
 
PPE Requirements: N/A 
 
Facility: Doesn’t matter 
 
Procedure: (List number steps of how to run the test, can include sketches and/or pictures): 
1) Have a bag full of all the parts for the activity 
2) Give participant a printout of directions for how to assemble a specific activity 
3) Simultaneously start a stopwatch and let the participant assemble the activity 
4) Stop the stopwatch when the participant finishes assembling the activity 
 
Results:  3 to 25 different students 
 




Activity Time [sec] Pass/Fail Comments 
AIM 105 Pass  
AIM 180 Pass Time spent on the cover page not included. 
AIM 197 Pass More time than average was spent on cover page. 
AIM 157 Pass  
 
Using Student-t statistical analysis, a new student will be able to setup the activity in 2 min. 40 sec. ± 1 
min. 4 sec. (95% confidence). 
 




Names:____________________________________________ Professor: ____________ Section: _____ 
 
Rolling Cylinders Activity Team Worksheet 
 
 
CASE 1.  
Consider the Large Cylinder and the Large Pipe. These have the same outer 
radius and mass.   
1) Discuss with your team which object will roll to the bottom of the ramp 
first.  
2) Record # of prediction votes below (it is ok if your vote changes after 
team discussion). 
 
Large Cylinder ____           Large Pipe ____           Same time ____ 
 
Take out the Large Cylinder and Large Pipe. Place the rolling objects close 
to the top of the ramp, side by side. Release both objects at the same time to create a ‘fair’ start. Perform this 
experiment 2-3 times, switching the cylinders to different sides of the ramp until you are convinced of the results.  
















Which object has the larger mass moment of inertia:   Large Cylinder        Large Pipe        both are the same 
 
Which object has more kinetic energy at the bottom:   Large Cylinder        Large Pipe        both are the same 
 
Which object has the larger translational kinetic energy when it reaches the bottom?  
 
                                                      Large Cylinder        Large Pipe        both are the same  
 
Which has the larger rotational kinetic energy? 
 








CASE 2.  
Consider the Small Cylinder and the Large Cylinder.  
 
1) Discuss with your team which object will roll to the bottom of the ramp first.  
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Small Cylinder ____           Large Cylinder ____           Same time ____ 
 
Take out the Small Cylinder and Large Cylinder. Place the rolling objects close to the top of the ramp, side by side. 
Release both objects at the same time to create a ‘fair’ start. Perform this experiment 2-3 times, switching the 
cylinders to different sides of the ramp until you are convinced of the results.  












Which object has the larger mass moment of inertia? Small Cylinder        Large Cylinder 
 
 











CASE 3.  
Consider the Large Pipe and the Small Pipe. 
  
1) Discuss with your team which object will roll to the bottom of the ramp first.  
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Large Pipe ____           Small Pipe ____           Same time ____ 
 
Take out the Large Pipe and Small Pipe. Place the rolling objects close to the top of the ramp, side by side. Release 
both objects at the same time to create a ‘fair’ start. Perform this experiment 2-3 times, switching the cylinders to 
different sides of the ramp until you are convinced of the results.  

















Now consider the Short Small Pipe. Do you predict it will be faster or slower than the Small Pipe? 
Record your team’s votes then run the experiment. 
Note: The Short Small Pipe is half the mass of the Small Pipe. 
 






Consider the Large Pipe and the Small Cylinder. 
  
3) Discuss with your team which object will roll to the bottom of the ramp first.  
4) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Large Pipe ____           Small Cylinder ____           Same time ____ 
 
Take out the Large Pipe and Small Cylinder. Place the rolling objects close to the top of the ramp, side by side. 
Release both objects at the same time to create a ‘fair’ start. Perform this experiment 2-3 times, switching the 
cylinders to different sides of the ramp until you are convinced of the results.  





























Write the work-energy equation for any rolling object using position one at the top of the ramp and position 
two at the bottom. Express the mass moment of inertia as 2I cmr=  where c is a constant that depends on 
the shape (solid, hollow, thin-walled, etc.).  For example, for a solid homogenous cylinder, 
21
2
I mr=  and 
c=1/2  and for a pipe, 2I mr=   and  c=1 .  Solve for the translational velocity of the center of mass of the 
rolling object – the one with the highest v wins!  Don’t forget, 
2 21 1
2 2































Discuss as a team and record # of votes for each of the following questions.  
1) All solid cylinders regardless of radius and mass arrive at the bottom at the same time 
 
True  ___    False ____  
 
2) All thin walled pipes regardless of radius and mass arrive at the bottom at the same time 
 
True  ____   False  ____ 
 
3) Which will arrive first, a thick-walled pipe or a thin-walled pipe regardless of radius and mass? 
 




Grab 2-3 different objects that you haven’t raced against each other yet.  Write down what objects you chose 
and the race results. Does the race match your work-energy derivation from above?  









Describe your race, discuss the translational and rotational kinetic energies of each race object, and explain 
























Names:__________________________________________________ Professor: ____________ Section: _____ 
 




             
 




Long Sides of Platform [x2] Platform Rollers [x5] Spool [x1] String [~24”] 
Rails [x2] Spool Center Shaft [x1] 
Side Base of Platform [x2] Pegboard [x1] 
Notecard [x1] 
Assembly: 
Step 1: Tie String into the two hole provisions that are on the Spool 
 
 
Step 2: Assemble the Base as a unit where the five Rolling Cylinders are held in place by the two Long Sides of the 
Platform and the two Side Bases of the Platform have pegs that are inserted into B5 and B9 (left side) and M5 and 
M9 for the right side, respectively.  
 
       
        
  Step 3: Install the two Rails into the hole provisions (circled) that are on the Long Sides of Plateform 
 
 
   









 Step 5: Suspend the Spool Center Shaft of the rails and Congrats! You’re ready to start the Spool Activity 
 
 






1. Start the online quiz on Polylearn and make predictions before you touch the hardware. After each team 
member completes the first case predictions online, discuss the questions bleow as a group: 
Looking at the figure, if you pull on the string gently in the vertical direction as shown, which way do you predict 
the spool will move? After discussing, vote and tally the number of votes for each possibility below. 
 Right _______ Left ______Won’t Move_______ 
2. When pulling, which direction is the friction force? Indicate # of votes. 
 Right _______ Left ______There is no friction force _______ 
3. What is the value of the friction force? Indicate # of votes 
kf N= _______      sf N= ______     sf N _______ 
4. Now Pull gently (baby soft!) on the string in the configuration shown.  Which way does it move?  Can you 
determine the direction of the friction force?   
 
 
5. Now pull on the string a bit harder so that it isn’t rolling without slip.  Which way do you think the friction force 
acts?  It is probably in the same direction as above, but now it will be equal to what value? 
 
6. Draw your FBD and KD for the problem.  From these diagrams, can you predict which way the disk will roll when 






And wait for the instructor before you turn 
the sheet over and continue! 
CASE 2 
1. Continue the online quiz on Polylearn by making your predictions for the second case.  When every team 
member is done, discuss the questions as a group: Looking at the figure, if you pull on the string gently in the 
horizontal direction as shown, which way do you predict the spool will move? After discussing, vote and tally the 
number of votes for each possibility below. 
  Right _______ Left ______Won’t Move_______ 
2. Which direction is the friction force? Indicate # of votes.  
 Right _______ Left ______There is no friction force_______ 
3. What is the value of the friction force? Indicate # of votes. 
kf N=  _______    sf N=  ______  sf N _______ 
4. Now Pull gently (baby soft!) on the string in the configuration shown.  Which way does it move?  Can you 
determine the direction of the friction force?   
 
 







6. Try varying the angle of your pull, and how hard you pull on the string.  When is the friction force equal to sN?  




And wait for the instructor before you 
continue onto the next case! 
CASE 3  
1. Continue the online quiz on Polylearn by making your predictions for the third case.  When every team member 
is done, discuss the questions as a group: Looking at the figure, if you pull on the string gently in the downward 
vertical direction, which way do you predict the spool will move? After discussing, vote and indicate the number 
of votes for each possibility below. 
  Right _______ Left ______Won’t Move_______ 
2. Which direction is the friction force? Indicate # of votes. 
 Right _______ Left ______There is no friction force_______ 
3. What is the value of the friction force? Indicate # of votes 
kf N=  _______    sf N=  ______   sf N _______ 
4. Place two desks side by side and put the spool over the gap so that the string hangs down. Now pull gently on 




5. Draw out your FBD and KD for the problem.  Use this to predict which way it will roll – explain below. 
 
  
After finishing Case 3, go online to make 
your predictions for case 4 and then 
proceed to the other side. 
CASE 4  
Continue the online quiz on Polylearn by making your predictions for the fourth case.  When every team member is 
done, discuss the questions as a group: Looking at the figure, the spool is now supported by an axle. If you pull on the 
string gently in the horizontal direction shown, which way do you predict the spool will move? After discussing, vote and 
indicate the number of votes for each possibility below. 
  Right _______ Left ______Won’t Move_______ 
1. Which direction is the friction force? Indicate # of votes. 
 Right _______ Left ______There is no friction force_______ 
2. What is the value of the friction force? Indicate # of votes 
kf N=  _______    sf N=  ______   sf N _______ 
3. Place the spool between two desks with the axle resting on each surface and spool extending into the gap. Now 



















After finishing Case 4, go online to make 
your predictions for case 4 and then 
proceed to the other side. 
CASE 5 
1. Continue the online quiz on Polylearn by making your predictions for the fifth case.  When every team member 
is done, discuss the questions as a group: Looking at the figure, the bottom of the spool is in contact with rolling 
cylinders where a notecard in sandwiched in between them. The spool’s axle is supported by a railing system. If 
you pull on the string gently in the horizontal direction shown, which way do you predict the spool will move 
and the direction of the friction force? After discussing, vote and indicate the number of votes for each 
possibility below. 
  Right _______ Left ______Won’t Move_______ 
2. Which direction is the friction force? Indicate # of votes. 
 Right _______ Left ______There is no friction force_______ 
3. What is the value of the friction force? Indicate # of votes 
kf N=  _______    sf N=  ______   sf N _______ 
4. Place the spool between two rails with the axle resting on each surface and spool sitting on top of the notecard 
on top of the rolling cylinders. Now pull gently in the direction shown.  Which way does it go? Which way does 
the friction go?  Explain your answers below. 
 
After finishing Case 5, please go back to 
Polylearn and answer some survey 
questions about the activity 
Names:________________________________ Professor: ____________ Section: _____  
  
Rigid Body Kinematics Activity Team Worksheet  
 
Assembly:   
  
 
Step 1:    
Place pegboard on flat, heightened surface such as on a desktop or tabletop  
Step 2:  
Snap the rotating crank hub into the desired pegboard location specified by the activity 
worksheet. Snap on female socket of crank arm to male pin on crank hub.  
Step 3:  
Snap the slider hub or the pin hub into the desired pegboard location specified by 
the scenario.  
Step 4:  
Connect as many of the linkage arms together as specified by the scenario within the 
activity section. Connect the female end of the chain to the male pin connector on 
the crank arm and connect the male end of the linkage chain to either the female pin or 
slider hole associated with the slider hub. Snap on crank knob on top of male end of 
crank arm  
  
Note: Based on the activity scenario designated in the activity worksheet, there may either be the 
slider hub or the pin hub attached to the pegboard. This is to test multiple different end motions 
of the linkage system based on initial rotational motion defined by the user operating the 
rotating crank  
Step 5:  
Ensure that all components are connected firmly and that no extraneous parts or 
debris are on the pegboard that could impede motion of the system and result 





Component Name  Qty  Mass (g)  Infill (%)  Note  
Pegboard  x1  N/A  N/A  This is given  
Rotating Crank Hub  x1  13  20    
Pin Hub  x1  13  20    
Slider Hub  x1  15  20    
Linkage Arm (4”)  x4  4  20    
Linkage Arm (2”)  x4  3  20    
Crank Arm  x1  10  20    






Place the rotating crank hub 
on the pegboard in the top left most 
position. Place the pin hub on the 
pegboard in the top right most 
position. Connect two 4 inch linkage 
arms and a 2 inch linkage arm 
together. Connect the pin hub and 
rotating crank hub with these 
three links. Rotate the input crank 
clockwise at a speed of about 2 
revolutions per second. 
 
   
  
Note: Each tick mark on the 
pin and slider hub is 
associated with 22.5 
degrees.  
  
1. What is the angular range of travel that the third linkage arm connected to the pin hub  goes 
through during one rotation?                                                                         
  
Now remove the 4 inch linkage arm connected to the pin hub and replace it with a 
2 inch  linkage arm and repeat the same process for rotating the crank at 2 revolutions 
per  second.  
  
2. What is the new angular range of travel that the third linkage arm connected to the pin  hub 





Place the rotating 
crank hub on the pegboard in 
the top left most position. 
Place the slider hub on the 
pegboard in the bottom right 
most position with the slot 
parallel to the side of the 
pegboard. Connect two 4 
inch linkage arms and a 2 
inch linkage arm together. 
Connect the slider hub and 
rotating crank hub with these 
three links. Rotate the input 
crank clockwise at a speed of 
about 2 revolutions per 
second.   
  
Note: The distance of 
the slider within the 
slider hub is 1.5”  
  
1. Does the full range of motion of the linkage arm in the slider slot exceed the slots 
total  distance?                           
  
Now remove the 4 inch linkage arm connected to the slider hub and replace it with 
a 2  inch linkage arm and repeat the same process for rotating the crank at 2 revolutions 
per  second.  
  
2. When the 4 inch arm is replaced by a 2 inch one, does the travel within the 




3. Does the grashoff condition for this particular assembly apply for Scenario 2? If it does, 
verify that the distance variables between the links and the hubs is accurate. If not, what 
minimum distance between the slider hub and the crank hub would make this true.  
SCENARIO 3 
 
Place the rotating crank 
hub on the pegboard in the top 
left most position. Place the pin 
hub on the pegboard in the top 
right most position. Connect 
two 4 inch linkage arms 
together and connect 
the pin hub and rotating crank 
hub with these two links. Rotate 
the input crank clockwise at a 
speed of about 2 revolutions per 
second.   
  
Note: Each tick mark 
on the pin and slider 
hub is associated with 
22.5 degrees.  
  
1. What is the angular range of travel that the second linkage arm connected to the pin 
hub  goes through during one rotation?                                                                         
  
Now rotate the crank arm counterclockwise at a speed of roughly 2 revolutions 
per  second.  
  
2. Does the direction of the second linkage arm attached to the pin hub change? Does 
the  angular distance traveled change?                             
  
3. Do the grashoff conditions apply in Scenario 3? What are the observations that are apparent 




1. What are the significantly obvious variable changes associated with replacing a longer 
link with a shorter link? 
2. Does the angular travel of the first link increase or decrease when removing a link? 
3. How does affecting the location of the slider or pin hub affect the overall motion of the 
system?  
4. What are some disparities within the 3D printed setup that could account for erroneously 
observed data? Is it okay to ignore these variables for the general purpose of the activity? 
Why or why not? 
5. Observe the different phenomenon that occurs when using the slider hub. What can you 
notice differently between the system response with a pin hub as opposed to the slider? 
 
[1/7] 
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Ramp Leg Base Support (Default) 
Base Support  
(Angle Gage) 
    
   
 
Pendulum Basket Pendulum Arm Pendulum Wall Axle 
    
  
  
Starter [Optional] ½ in. Diameter Balls: Bearing Ball (Left) & Marble (Right) 




Step 1: Slide the Leg into the Ramp. 
 
 
Step 2: Slide the Base Supports into the bottom of the ramp. Make sure the Base Support (Angle Gage) is 
on the side with the holding tab. 
 
 
Step 3: Assemble the Pendulum. 
a) Slide the Arm into the Basket. Make sure the hook is facing forwards. 
b) Slide the Wall into the Basket. 









Step 4: Hook the Pendulum onto the Axle as shown. 
Important: Make sure there are no loose PLA strands in any of the groove of the Axle. They will prevent 
the Pendulum from swinging freely and fitting properly in the Base Supports. 
 
 
Step 5: Slide the Axle into the Base Support. Make sure the external keyway is on the base support with 























Important User Information: 
• Hold the ramp steady &/or hold unused balls with the 1” tab on the lower right of the ramp. 
• The angle gage slits are at 10° intervals. Every 30° the slit is shorter. 
• Place a ruler (or the Starter) between the ramp’s “rails” to start the ball at each slot. 
• You will need a single strip of tape to hold the Pendulum Wall to the Basket for inelastic collisions. 
• The centerline of the Pendulum Arm is what you should observe to determine the height of the 





Place a marble on the lowest slot of the ramp & release it. 
 
How far did the pendulum swing back [deg]? _______________ 
 
Case 2 
Now consider placing the marble on the top slot of the ramp. 
1) Will the pendulum swing back further or not?  
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Swing more ____           Swing less ____           No change ____ 
 
Place a marble on the highest slot of the ramp & release it. 
 
How far did the pendulum swing back [deg]? _______________ 
 





Now consider placing the bearing ball on the top slot of the ramp. 
1) Will the pendulum swing back further or not (compared to Case 2)? 
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Swing more ____           Swing less ____           No change ____ 
 
Place the bearing ball on the highest slot of the ramp & release it. 
 
How far did the pendulum swing back [deg]? _______________ 
 







• Turn the pendulum around, not the axle, so the marble hits the back of the pendulum and doesn’t 
get caught in the basket 
 
Case 4 
Consider placing a marble on the highest slot of the ramp. 
1) Will the pendulum swing back further or not (compared to Case 2)?  
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Swing more ____           Swing less ____           No change ____ 
 
Place a marble on the highest slot of the ramp & release it. 
 
How far did the pendulum swing back [deg]? _______________ 
 





Consider placing a bearing ball on the highest slot of the ramp. 
1) Will the pendulum swing back further or not (compared to Case 4)?  
2) Record # of prediction votes below (it is ok if your vote changes after team discussion). 
 
Swing more ____           Swing less ____           No change ____ 
 
Place a bearing ball on the highest slot of the ramp & release it. 
 
How far did the pendulum swing back [deg]? _______________ 
 


















Discuss as a team and record # of votes for each of the following questions.  
1) Increasing the mass of the ball always increases the swing of the pendulum? 
 
True  ___    False ____  
Why? 
 
2) Increasing the starting height of the ball always increases the swing of the pendulum? 
 
True  ___    False ____  
Why? 
 
3) For the same conditions, elastic collisions always result in the pendulum swinging higher compared 
to inelastic collisions? 
 
True  ___    False ____  
Why? 
 
4) Although not tested in this activity, would increasing the mass of the Pendulum Basket increase the 
swing of the pendulum? [Hint: Think about your answer for Question 3] 
 


















Consider an inelastic collision. Assume that the mass moment of inertia of the Pendulum Arm is 
negligible and we can treat the pendulum as a point-mass. Write out the conservation of linear 
momentum equation. Solve for the velocity of the pendulum right after impact. Then, right out the 
work-energy equation to solve for the maximum angle the pendulum will reach. Find the maximum 
height of the pendulum when using a marble from the top slot. 
Assume  
MOI of Basket & Wall Izz, basket 1682 [gcm2] 
Mass of Basket & Wall mbasket 16 [g] 
COG for Basket, Wall, & Ball L 10.75 [cm] 
Mass of Marble mmarble 3.78 [g] 
Mass of Bearing Ball mbearing 8.419 [g] 
Velocity at Impact (Bottom Slot) Vbottom 75 [cm/s] 
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Figure 1. Bottom Bearing 
 
1. Find a smooth level surface to place the pegboard down and connect the bottom bearing with the 
provided pegs.  
 






Figure 2. Top Bearing  
 







Figure 3. Quarter Pieces 
 




Figure 4. Inner and outer chutes 
 






First, ensure that while the wheel is not spinning, dropping a marble down either chute will cause the marble to hit 
the other chute. This straight line between the two chutes will be referred to as the nonrotating path, or the path 




Suppose you were to spin the wheel counterclockwise and you dropped the marble down the outer chute while it is 
closest to you. Using the right-hand rule and the following equation, determine the direction of Coriolis acceleration 
the marble will experience when it is first release. 
 
 
𝒂𝒄 =  −2 𝜴 × 𝒗 
 
 


















Now, actually drop the marble down the outer chute while simultaneously spinning the wheel at a constant speed. 
Observe the motion of the marble relative to its nonrotating path. Perform several times until you are certain of the 




















Suppose you were to spin the wheel counterclockwise and you dropped the marble down the inner chute while the 
outer chute is all the way to the left. Using the right-hand rule and the following equation, determine the direction 
of Coriolis acceleration the marble will experience when it is first release. 
 
𝒂𝒄 =  −2 𝜴 × 𝒗 
 
 



















Now, actually drop the marble down the outer chute while simultaneously spinning the wheel at a constant speed. 
Observe the motion of the marble relative to its nonrotating path. Perform several times until you are certain of the 





















Again, spin the wheel counterclockwise and dropping the marble down the inner chute while the outer chute is all 
the way to the left. This time, place an object left of the wheel to act as a reference. Aim for the object and perform 

















Was the marble’s path to the object straight or deflected? _________________ 
 
 



























Suppose you were to turn the outer chute 45° to the right and dropped the marble. Using the right-hand rule and 
the following equation, determine the direction of Coriolis acceleration the marble will experience when it is first 
release. 
 
𝒂𝒄 =  −2 𝜴 × 𝒗 
 
Which direction would you need to turn the wheel in order for the marble to come back around the center chute 
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Names: ___________________________________________Instructor:___Self__ Section:__ 
Mass Pulley Activity Team Worksheet 
 
Parts: 
          
 
          
 
                                   
Desk C-Clamps [x2] Pulley [x2] Conical Spacer [x2] C-Clamp Insert [x2] 
Mass Unit Coins [x12] C-Clamp Bolt [x2] Dual Mass Cup Catcher [x1] Pegboard [x1] 
Pulley Attachment 
Shaft [x2] 
Pulley Nut [x2] Cups for 
Weights [x4] 
String [~24”] 
ME212  Spring 2021 
 
Assembly: 





Step 2: Insert both Pulley Attachment Shafts into holes C5 and D5 a in Pegboard (do again into holes 5K and 5L) 
 
 
Step 3: Assemble both Pulley systems by placing the Conical Spacer over the Pulley Attachment Shaft first, then the 
Pulley and lastly, hand-tighten the Pulley Nut just enough while still allowing the Pulley to rotate freely 
 
ME212  Spring 2021 
Step 4: Insert the left Desk C-Clamp peg’s into A1 and D1 into pegboard and K1 and N1 for the right C-Clamp. Next, 
attach the C-Clamp assemblies to the side of a desk by turning the C-Clamp Bolt in a clockwise orientation until 
tight 
 
Step 5: Install the Dual Mass Cup Catcher onto the bottommost row of the Pegboard (left) and then tie the String 
around the hole in all four of the Cups for Weights (right) 
 
            




NOTE: Your Mass-Pulley Activity should resemble this and ensure that the Pulleys are free to rotate 
Dual Mass Cup Catcher  
Tie String  
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Case 1 
1. Consider the objects A and B with masses as shown.  If the two systems are released from rest, which mass will 
accelerate more quickly?  Before discussing the scenario with one another, make your individual predictions on 
PolyLearn. 
 
2. As a team, discuss the scenario.  What do you predict about the accelerations of the masses if they are released 
from rest?  Indicate the # of votes on your team of the four given possibilities below (it is okay if you change your 
“vote” after the team discussion and for team members to disagree). 
    _______ Mass A will accelerate upwards faster than mass B 
_______ Mass B will accelerate upwards faster than mass A 
_______ Mass A and B will accelerate upwards at the same rate 
_______ Neither Mass A or B will accelerate upwards 
3. What did you observe when performing the experiment? 
 
 




5. What variables affect the rate at which the pulleys move?   
And wait for the instructor before you 
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Case 2 
1. Consider the objects A and B with masses as shown.  If the two systems are released from rest, which mass will 




2. As a team, discuss the scenario.  What do you predict about the accelerations of the masses if they are released 
from rest?  Indicate the # of votes on your team of the four given possibilities below (it is okay if you change your 
“vote” after the team discussion and for team members to disagree). 
 
    _______ Mass A will accelerate upwards faster than mass B 
_______ Mass B will accelerate upwards faster than mass A 
_______ Mass A and B will accelerate upwards at the same rate 
_______ Neither Mass A or B will accelerate upwards 
3. What did you observe when performing the experiment? 
 
 






And wait for the instructor before you 
turn the sheet over and continue! 
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Case 3 
1. Consider the objects A and B with masses as shown.  If the two systems are released from rest, which mass will 




2. As a team, discuss the scenario.  What do you predict about the accelerations of the masses if they are released 
from rest?  Indicate the # of votes on your team of the four given possibilities below (it is okay if you change your 
“vote” after the team discussion and for team members to disagree). 
 
    _______ Mass A will accelerate upwards faster than mass B 
_______ Mass B will accelerate upwards faster than mass A 
_______ Mass A and B will accelerate upwards at the same rate 
_______ Neither Mass A or B will accelerate upwards 
3. What did you observe when performing the experiment? 
 
 
4. Please explain the results of your experiments using dynamics principles.   
  
And wait for the instructor before you 
turn the sheet over and continue! 
100 grams 
200 grams 250 grams 
150 grams 
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Case 4 
1. Consider the objects A and B with masses as shown.  If the two systems are released from rest, which mass will 
accelerate more quickly?  Before discussing the scenario with one another, make your individual predictions on 
PolyLearn.  
 
2. As a team, discuss the scenario.  What do you predict about the accelerations of the masses if they are released 
from rest?  Indicate the # of votes on your team of the four given possibilities below (it is okay if you change your 
“vote” after the team discussion and for team members to disagree). 
    _______ Mass A will accelerate upwards faster than mass B 
_______ Mass B will accelerate upwards faster than mass A 
_______ Mass A and B will accelerate upwards at the same rate 
_______ Neither Mass A or B will accelerate upwards 
3. What did you observe when performing the experiment? 
 
 
4. Please explain the results of your experiments using dynamics principles.   
  
50 grams 
200 grams 250 grams 
150 grams 
And wait for the instructor before you 
turn the sheet over and continue! 
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Case 5 
1. Consider the masses A and B with masses as shown.  In system A, a constant force that is equal to 
3 N is applied to the end of the rope; in system B, a 300 gram mass is attached to the rope.  If the two systems are 
released from rest, which block will accelerate more quickly?  Remember, we are estimating g = 10 m/s2. Before 
discussing the scenario with one another, make your individual predictions on PolyLearn. 
 
 
2. As a team, discuss the scenario.  What do you predict about the accelerations of the 
masses if they are released from rest?  Indicate the # of votes on your team of the four given possibilities below (it 
is okay if you change your “vote” after the team discussion and for team members to disagree). 
    _______ Mass A will accelerate upwards faster than mass B 
_______ Mass B will accelerate upwards faster than mass A 
_______ Mass A and B will accelerate upwards at the same rate 
_______ Neither Mass A or B will accelerate 
 







We will discuss Case 5 as a class when all of the groups are ready. Please reset the pulleys to the weights shown in Case 
1 and bring them to the front of the class. Be sure to also complete the survey at the end of the Polylearn quiz. 




      F = 3 Newtons 
 
ID Task Name
1 Scope of Work
2 Determine Team 
Availability
3 Create & Send Sponsor
Email
4 Create List of 
Questions for 
Customers
5 Conduct Sponsor 
Interview
6 Conduct Customer 
Interviews
7 Develop a list of 10 
needs/wants
8 Identify 5 existing 
products
9 Identify 5 related 
patents
10 Identify standards for 
product
11 Find case studies
12 Identify technical 
challenges
13 Find 5 related 
journal articles
14 Create a team contract




17 Create Jamboard to 
layout project tasks
18 Develop Problem 
Statement
19 Draw a Boundary 
Diagram
20 Create Gantt Chart
21 Initial SOW Sections
22 Create SOW Title 
Page
23 Create SOW 
Introduction
24 Create SOW 
Background
25 Create SOW 
Objectives
26 Create SOW Project 
Management
27 Summary SOW 
Sections
28 Create SOW Table 
of Contents
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Sep 20, '20 Sep 27, '20 Oct 4, '20 Oct 11, '20 Oct 18, '20 Oct 25, '20 Nov 1, '20 Nov 8, '20




30 Create SOW 
Conclusion
31 Create SOW 
References
32 SOW For Review
33 Revise SOW
34 Submit Final SOW
35 PDR
36 Hold Ideation Session
37 Create 5-10 
sketches
38 Create descriptions 
for each sketch
39 Initial Ideation
40 Create Functional 
Decomposition
41 Create Pugh Matrix 
to compare 
functions
42 Create Ideation 
models
43 Hazard Checklist
44 Hold 2nd ideation 
session
45 Revise ideas





48 Create detailed CAD
model
49 Create physical 
prototype
50 Run simulations and
hand-calcs
51 Refine CAD model







55 Create Appendix: 
Decision Matrix
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61 Create Concept 
Design section
62 Create Title Page
63 Update SOW 
Intro
64 Create Appendix: 
Idea List
65 Update SOW 
Objectives
66 Insert Gantt Chart
67 Update SOW 
Background




70 Create List of 
Figures
71 Create List of 
Tables
72 Update SOW 
Table of Contents
73 Update SOW 
Conclusion
74 Update SOW 
References
75 Update SOW 
Abstract
76 PDR Presentation
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1 Scope of Work
35 PDR
82 CDR
83 Create IDR 
Presentation
84 IDR Presentation
85 Create Structural 
Prototype
86 Test and Analyze 
Prototype
87 Perform FMEA
88 Create Detailed 
Documentation of 
Prototype





documentation92 Describe Tests and 
Equipment Needs
93 Create Full Cost 
Analysis
94 Create CDR Report
95 Update PDR Intro
96 Update PDR 
Background
97 Update PDR 
Objectives
98 Update PDR 
Concept Design
99 Update PDR Project 
Management
100 Update PDR 
Conclusion
101 Create CDR section: 
Final Design
102 Create CDR section: 
Manufacturing Plan
103 Create CDR section: 
Design Verification 
Plan
104 Create CDR 
Presentation
105 CDR Presentation 
106 CDR Report
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Jan 3, '21 Jan 10, '21 Jan 17, '21 Jan 24, '21 Jan 31, '21 Feb 7, '21 Feb 14, '21
Appendix E: Gantt Chart








109 Document Building Process
110 Identify operations 
and operation risks
111 Create Risk Assesment
112 Create Status Memo
113 Prepare for 
Verification Sign-off
114 Develop Operator's 
Manual
115 Test Prototype
116 Create FDR Report
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Mar 28, '21 Apr 4, '21 Apr 11, '21 Apr 18, '21 Apr 25, '21 May 2, '21 May 9, '21 May 16, '21 May 23, '21 May 30, '21 Jun 6, '21
Appendix J: Gantt Chart
J - 1
L
L 45
